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WILTING AND WITHERING OF GRASSES IN GREENHOUSE 
CULTURES AS RELATED TO WATER-SUPPLYING 
POWER OF THE SOIL 1 

J . Dean Wilson and Burton E. Livingston 
(with four figures) 

Introduction 

It has recently been emphasized ( 14 , 15 , 19 , 20 , 32 ) that the two main 
environmental conditions that influence the development and health of ordi¬ 
nary leafy plants, as far as water relations are concerned, are (a) the 
capacity of the soil to deliver water to the plant roots and (b) the capacity 
of the aerial surroundings to permit water loss from the foliage through 
transpiration. The second of these conditions may be measured and re¬ 
corded in a fairly satisfactory way, by means of atmometers of various 
forms, and numerous studies on the relations between evaporation and plant 
health have been reported in th? literature of plant physiology and ecology. 
While very much more remains to be learned about the influence of this 
complex climatic feature on plant activity, it is safe to say that our knowl¬ 
edge of evaporation relations and our methods for securing instrumental 
records of fluctuations in the intensity of evaporation conditions are now 
far more advanced than are our knowledge and methods with regard to the 
influences exerted on plants by soil-moisture conditions. What happens to 
an ordinary plant in the region below the soil surface still remains a subject 
for rather free conjecture. Soil science furnishes much that is relatively 
definite, consistent and apparently reliable in its field, but the points of 
contact between our knowledge of plant physiology and our knowledge of 
soil physics and soil chemistry are still comparatively few and are generally 
unsatisfactory. The soil system is so complex that it has not readily lent 
itself to the usual analytical methods and our present great fund of informa¬ 
tion about soil moisture leaves us still unable to integrate the many separate 
portions of that information in any way that would permit clear insight 
into the water relations of root systems. It appears that the analytical 
methods that have yielded valuable principles and generalizations in the 
^ Botanical contribution from the Johns Hopkins University, no. 92. 
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fields of physics and chemistry are not as yet very promising when we aim 
to study the relations between two such very complex systems as the plant 
and the soil. To further such a study it is essential that primary attention 
be given to the soil system considered as a whole, avoiding the distractions 
of detail that confound us along the paths of the more thoroughly analytical 
method as generally employed. 

Roots are, of course, unable to absorb any water that has not already 
somehow come into contact with their absorbing surfaces, and the maximum 
rate at which a given root system may absorb water can not surpass the 
rate at which root surfaces and soil moisture come into contact. If for the 
moment we consider the absorbing surfaces of the root system as fixed in 
position and extent, then the maximum rate of absorption is limited at any 
instant by the rate at which the soil system can supply water to the root-soil 
surfaces. Conditions within the plant should control the rate of absorption 
as long as the latter is slower than the highest possible rate of external 
supply, but soil conditions should control the absorption rate whenever the 
soil system is unable to bring water to the absorbing surfaces as rapidly 
as it would be absorbed if the rate of supply were more rapid. Conse¬ 
quently the primary soil condition that may limit the rate of entry of water 
into stationary roots is the rate at which the soil system can deliver water to 
these organs. This has been called the water-supplying power of the soil 
( 2 , 5, 6 , 11 , 12 , 16 , 17 , 18 , |p. 11*5], 22 , 32 ), that is, its capacity as a mecha¬ 
nism, to deliver water at a unit of water-absorbing surface. 

This dynamic characteristic of the soil around the roots of a plant is, 
of course, the resultant of secondary, contributory or component soil char¬ 
acteristics, such as the kind of soil (measured as its water-holding power, 
its moisture equivalent, etc.) and its state of packing, its water content per 
unit of natural volume, and its temperature. These are static character¬ 
istics that may be more or less satisfactorily measured from time to time, 
but measurements of them are of very slight value in physiology, ecology, 
agronomy, horticulture, sylviculture, etc., because it is as yet impossible to 
deduce from such measurements a numerical index of water-supplying 
power for any time period. Such an index should differ in magnitude with 
the kind of soil, with its degree of packing, with its moisture content, with 
its temperature, and perhaps with other static features. Its indirect deriva¬ 
tion, for a given soil region, from the results of measurements of these 
components taken separately must consequently remain complex and tedious 
in the extreme. 

Direct measurement of the water-supplying power of the soil near the 
roots of the plant appears to offer a promising means by which we may 
hope to improve an understanding of the dynamic water relations between 
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plant and soil. The only feasible and tested method thus far available for 
securing direct measurements of this dynamic soil feature is the soil-point 
method first brought forward by Livingston and Koketsu ( 17 ). A suit¬ 
able artificial absorbing surface, of porous porcelain (or wood), is applied 
to the soil at the depth considered and the capacity of the soil to supply 
water is measured as the amount of water actually absorbed in a unit of 
time. The water-supplying power is therefore the rate at w T hich the given 
soil, at the given depth, is capable of delivering water to a stationary absorb¬ 
ing surface. This is a dynamic variable, the magnitude of which fluctuates. 
It does not directly influence the actual rate of water absorption by a root 
unless the absorbing capacity of the root surface exceeds it in magnitude, 
when it acts to limit the rate of absorption. Direct soil-point measurements 
of the w’ater-supplying pow er of the soil may be made at suitable intervals, 
at any required depths in the soil, and graphs may be constructed from 
them to show 7 fluctuations in water-supplying pow r er throughout a period 
of time. The operations are relatively very simple and rapid (though the 
method is surely susceptible of further improvement) and no intricate cal¬ 
culations are required. The soil mechanism itself is allowed to integrate 
the several component terms or factors or arguments (in the sense of the 
mathematical calculus) and the data secured are measurements of the 
resultant only. The observer measures directly the function of several 
variables instead of measuring the variables and then attempting to calcu¬ 
late the value of the function from the results of his measurements. 

The soil points used in this-study were like those employed by Wilson 
( 32 ). The instrument is a hollow porous-porcelain piece with wall about 
3 mm. thick. It has a cylindrical part open at the top and continuous below 7 
with a conical part that ends in a sharp point. The cylindrical part is 2.4 
cm. in outside diameter and 2.5 cm. high. The outer surface is thoroughly 
waterproofed near, the point, also throughout the cylindrical part and the 
upper portion of the conical part, and a band 2 cm. high on the conical 
part is left uncoated. This zone has a diameter of about 2.2 cm. at its upper 
margin. It presents to the soil into which the instrument is thrust an ab¬ 
sorbing surface of about 12 sq. cm. 

It has been mentioned or implied by Pulling and Livingston (25), 
Pulling ( 24 ), Wilson ( 32 ), and Veiiimeyer ( 27 , 28 ) that the initial water- 
supplying pow 7 er of the soil adjacent to a water-absorbing surface (such as 
that of plant root or artificial absorber) is not maintained in the case of 
aerated soils wdtli water content below 7 maximum field capacity unless nearly 
saturated soil is closely adjacent to the soil region considered. When an 
absorbing surface w T ith sufficient capacity for water absorption is brought 
into capillary contact w 7 ith moist soil the rate of w’ater delivery from the 
soil is initially at a maximum and rapidly decreases. The w 7 ater nearest to 
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the absorber is taken up promptly but the rate of subsequent absorption is 
limited by the rate at which water from more distant soil films migrates to 
the absorber. This rate of migration becomes very slow, as has been empha¬ 
sized by Veihmeyer, when the additional water must move a considerable 
distance before being absorbed, and the water-supplying power of the soil 
therefore decreases rapidly as absorption x>roceeds from such soils. It may 
happen in some cases that water distillation from soil films to root surface 
is of some importance in maintaining health with low transpiration rates, 
but it seems improbable that plant health would generally be long main¬ 
tained without movement of liquid water from soil to root. 

There seems to be no reason to doubt that roots in moist soils experience 
this progressive decrease in the dynamic availability of water adjacent to 
their absorbing surfaces. When an absorbing surface of a root initially 
comes into contact with a new system of soil films, by the penetration of 
root tip or root-hair into untouched soil, absorption may be relatively rapid 
and the water-supplying power of the soil system may be greater for a time 
than the absorbing power of the root surface. If absorption continues, 
however, supposing the absorbing power to remain the same as at first, there 
eventually comes a time when the supplying power of the soil is smaller 
than the absorbing power of the root surface, and the supplying power of 
the soil then becomes the limiting condition for the process of water absorp¬ 
tion. It follows, as lias been recently emphasized by Veiiimeyer, Wilson 
and others, that a root system in a soil that is merely moist and does not 
become wetter can generally neither maintain nor increase an already con¬ 
siderable rate of water absorption unless the roots continue to advance into 
new soil at an adequate rate. 

It is probable that one of the effects of the onset of inadequacy in the 
water-supplying* power of the soil about the roots of a plant is generally a 
retardation leading toward the ultimate cessation of root advance, for root 
growth and the formation of root-hairs requires additional water, and water 
that has been fixed by growth may be considered as temporarily held in the 
turgid tissues, being therefore generally removed from consideration. If 
water can move at an adequate rate into the growing region of root or root- 
hair, from the older regions (perhaps ultimately from some water-storage 
tissue of the plant or from the absorbing surfaces of another portion of the 
root system that may still absorb water more rapidly than it is conducted to 
other parts), then it should be possible for some root and root-hair growth 
to continue after the water-supplying power of the adjacent soil has become 
too low to support root growth. 2 It may even sometimes happen that a root 

2 Hendrickson and Yeihmeyer (8) report that this sort of root growth was not 
observed in experiments planned to throw light on some of the possibilities here men¬ 
tioned. 
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may elongate at the expense of water of respiration (1), the root surfaces 
continuing to advance slowly into new soil regions where the water-supply¬ 
ing power is already inadequate. (Of course water of respiration does not 
enter the root at all; it is chemically formed in the tissues through the 
oxidation of organic material that has migrated hither from some other part 
of the plant.) But it appears highly probable that inadequacy in the capil¬ 
lary water-supplying power of the soil adjacent to the absorbing portions 
of a root system generally soon makes itself effective on the plant by retard¬ 
ing or stopping root enlargement (8). If this represents a general truth, 
then the continuous growth of roots is of basic importance for the main¬ 
tenance of the rate of water absorption from soils that are characterized 
by relatively low water-supplying power, a consideration that does not thus 
far appear to have been seriously considered in the discussion of soil mois¬ 
ture conditions and water absorption by plants. 

Weaver (30, p. 44), in discussing root growth in field crops, mentions 
that root-hair growth makes fresh stores of water and solutes available to 
the plant and calls attention to the fact that but few root-liairs are produced 
by field crops in wet soils, while, if the plants do not wilt meanwhile, the 
greatest development of root-hairs may occur with soil-moisture contents 
somewhat less than would give the highest crop yields. It may be that 
some plants with slightly inadequate water supply (in their apparent 
“endeavor” to reach new sources of water) may produce root-hairs and 
small roots at the expense of the rest of the plant, with respect to water as 
well as with respect to other materials. This may act to hinder crop pro¬ 
duction and may thus limit the final yield to some extent. 

The importance of the actual process of root enlargement is probably 
very great for upland plants, especiall}^ in times of more or less pronounced 
drouth. At such times the water-supplying power of the soil is relatively 
low and the wiping-up action of advancing roots and root-hairs should be 
very essential to the continued development of the plant. Such a plant can 
not long maintain its vigor and at the same time wait for the soil system to 
deliver w T ater to its absorbing surfaces; these surfaces must be extended 
rapidly into less depleted regions of the soil, or else growth must soon 
become greatly retarded or cease entirely. It consequently follows that the 
instrument-ally determined indices of water-supplying power that are 
requisite for the dynamic study of plant water relations should represent 
the initial water-supplying power for each test; that is, they should repre¬ 
sent the condition encountered by a growing root or root-hair when it first 
comes into the soil region considered. 

The soil-point method is especially suited to the determination of these 
initial values. As recently employed, this method gives values of the 
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supplying-power index that represent only the first hour after an absorbing 
surface is brought into capillary contact with the soil surface tested. Con¬ 
secutive tests may, of course, be made by applying several instruments, one 
after another to the same soil surface, and valuable information may thus 
be secured regarding the rate of decrease in the water-supplying power as 
absorption proceeds. 

If a soil is very wet, water absorption may continue for a long time after 
the absorbing surface of a growing root comes into contact with any par¬ 
ticular portion of soil. With drier soils this period of absorption is limited, 
as has been said, and if the soil is sufficiently dry no absorption may occur. 
The period during which absorption may occur is shorter the drier is the 
soil into which the absorbing surfaces are thrust, and some specific degree 
of dryness should correspond to the single-hour period employed in connec¬ 
tion with the soil-point method. If a soil region is so dry that newly formed 
roots find its water-supplying power inadequate to their needs within an 
hour after they have made contact with the delivering surface, it is safe to 
say that such a soil region generally has a water-supplying power too low 
for successful development of the plant. Periods much shorter than one 
hour are inconvenient in the application of the soil-point method and periods 
much longer introduce more and more the danger that the porous porcelain 
of the instrument may become so wet within the period that its own absorb¬ 
ing power becomes the thing measured, rather than the water-supplying 
power of the soil. This undoubtedly occurs with very wet soils, but it 
probably does not generally occur with supplying powers of less than 1000 
mg. per soil point for the single hour. As Wilson ( 32 ), Marshall ( 21 ) 
and others have shown, the one-hour period is well suited to the study of 
soil water-supplying powers in relation to plant health. 

Before bringing this introduction to a close it is essential to mention 
again a point emphasized by Wilson, that the insertion of a soil point into 
the soil inevitably involves some alteration in the water-supplying power 
at the very surface where the test is to be made. The soil is compressed 
laterally and to some extent downward as the conical opening is made for 
the insertion of the instrument. Therefore, the soil adjacent to the instru¬ 
ment is generally somewhat different in water-supplying power from the 
unmodified soil/ With progressively lower values of the supplyiug-power 
the effect of this artificial compression becomes less, however, and the arti¬ 
fact thus introduced may safely be considered as very small when the index 
values dealt with approach the critical magnitudes about which growth 
ceases, wilting begins, etc. In any event, the effect of artificial compression 
is always relatively small and appears to be quite negligible in comparison 
with the differences in water-supplying power observed for different places 



WILSON AND LIVINGSTON : WILTING OF GRASSES 


7 


at the same depth in the same soil mass. When greater precision becomes 
desirable in the measurement of water-supplying power the method may 
perhaps be modified so as to avoid or at least greatly diminish this error. 

The present paper reports the results of a study of the progress of the 
wilting, withering and death of originally healthy and vigorous greenhouse 
plants in winter, after watering had been discontinued. The study dealt 
with the progressive decrease in the water-supplying power of the soil about 
the roots as the soil dried out. The experimentation was carried out in the 
Laboratory of Plant Physiology of the Johns Hopkins University, in the fall 
and winter of 1925-26. 

Most of the cultures used were in shallow trays or flats but a few tests 
were made with pot cultures. The three greenhouse rooms of the Labora¬ 
tory of Plant Physiology were used, several cultures being placed in each 
room. The soils of the different flats and pots were all approximately alike. 
The climatic conditions were about the same for all the cultures in each 
greenhouse room and they were not very greatly different for the different 
rooms. The cultures in flats will be considered first in the following pages 
and a brief section will be devoted to the results secured with pot cultures. 

Cultures in flats 

Methods 

Seventeen different grasses were planted in flats, two or more species 
in each flat. Two clovers commonly found in lawns were also added to the 
group. Each kind of plant occupied an area about 80 x 70 cm., and a similar 
area without plants served as a control for each greenhouse room. Each flat 
was filled with soil to a depth of about 18 cm., little attention being given 
to packing since these cultures were to be watered in the ordinary way for 
a period of several months before critical observations were to be begun. 
The soil used was a friable mixture, such as that commonly used in these 
greenhouses, made up of one part each of sand and leaf-mold and three 
parts of a rather heavy loam (Sassafras loam). The water-holding capacity 
of the mixture was, by the Hjlgard method, 44 per cent, on the basis of dry 
volume, or 50 per cent, on the basis of dry weight. Enough soil was pre¬ 
pared to care for these cultures and also for the pot cultures that were to 
be started subsequently. 

The flats were planted early in June, 3925, either by sowing seeds or 
planting stolons, and the plants were allowed to grow, with watering as 
needed, until December 30, when they were uniformly in excellent condi¬ 
tion. The flats were all thoroughly watered by sprinkling on the last- 
named date and the two spheres of a radio-atmometer ( 13 ), one white and 
one lampblack-coated, were installed at corners of one of the flats in each 
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greenhouse room, each sphere being about 25 cm. above the soil surface. In 
the second (middle) room a Richard thermograph was placed in a shaded 
but well ventilated position, to record temperature fluctuations, which were 
practically the same in all three rooms. 

On December 31, soil-point readings on these cultures w T ere begun, for 
the 6-cm. depth, and these were continued at intervals of three days until 
February 14. The soil points used in these tests, which had been carefully 
selected for uniformity in weight and absorptive capacity, were dried in the 
air for two days after each determination and then placed in a desiccator 
until needed for use again. Two points were used for each observation 
and the reading was obtained by dividing by 2 the total gain in weight for 
the usual one-hour period of exposure in the soil. To prevent increased 
evaporation from the soil and other possible disturbances, the little holes 
left on removing the soil points were always immediately filled with soil 
from the reserve supply. At each time of observation a test was made for 
the soil areas without plants. The different plant areas in any flat were not 
considered separately until some of the plants began to show slight effects 
of drouth, on January 18. Throughout this preliminary period, while all 
the plants were still vigorous, a soil-point reading was secured for each of 
the ten flats at each time of observation. On January 18 and at later times 
of observation readings for all plant areas, as well as for the control area, 
w r ere made at about the same time. These observations were continued at 
3-day intervals, as has been said, throughout the period while the plants 
passed through various successive stages of drouth injury and until the 
leaves of all but two of the forms were dead, the two exceptions (red fescue 
and sheep's fescue) being very drouth resistant. 

On February 14 the cultures were all again thoroughly watered and then 
kept well supplied with water throughout the following month, to ascertain 
wdietlier the plants in each case would recover when an adequate water sup¬ 
ply was again maintained. This treatment resulted in recovery such that 
red fescue, sheep's fescue, Kentucky blue-grass and Canadian blue-grass 
w r ere in good condition on March 14. With awmless brome-grass, tall oat- 
grass and orchard grass there w'as no recovery, while all of the other forms 
tested had returned to fair condition by the end of this second period of 
watering. 

The atmometers w r ere read every three days, at each time when soil-point 
readings were taken, and the average daily, corrected water losses for the 
3-day period, from the white and from the blackened sphere, were recorded 
for each room of the greenhouse. Corresponding averages for the mean 
temperatures for each 3-day period were secured from the thermograph 
tracings for the middle room. Also, the growth conditions of the corre¬ 
sponding plants w’ere recorded when soil-point readings were made. Nu- 
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merical values or scores were given, referring to five different degrees of 
health, based on the apparent condition of the leaves, as follows: 4, plants 
in excellent condition; 3, condition good but not excellent; 2, condition poor, 
with leaves wilting; 1, badly wilted but partly recovered after 18 hours in 
a moist chamber; 0, badly wilted, with no recovery after 18 hours in a moist 
chamber, many of the leaves being gray and crisp. It was noted that these 
grass leaves, which wilted and withered in the greenhouse in the winter 
season, generally failed to develop the brow r n colors that are so character¬ 
istic of most of these forms wiien their leaves die from the effects of drouth 
in the open at Baltimore. The dead leaves of these greenhouse-grown 
grasses became greenish or silvery gray upon drying-up and remained so for 
some time afterwards. They became browrn, however, after several weeks 
of subsequent exposure in the greenhouse. This difference may be due to 
difference in light effects, the summer light acting to alter the color of the 
leaves more rapidly. 

An attempt was made to detect the beginning of a rather definite stage 
of bad wilting, similar to the stage called the beginning of 4 4 permanent wilt¬ 
ing” by Briggs and Xhantz (3). It will be remembered that permanent 
waiting is defined as a degree of wilting from winch the plant fails to recover 
when its transpiration is practically stopped, but from which it recovers 
(although slowly in many cases) if given adequate water supply about its 
roots. Briggs and Xhantz exposed their supposedly permanently wilted 
plants in a saturated atmosphere for an undefined period and recorded them 
as permanently wilted only when they failed to show recovery. Caldwell 
( 4 ) and Shive and Livingston ( 26 ) employed a 24-hour period for this 
moist-chamber test. In the present studies the test was applied for 18 
hours (including the night period) instead of 24, by inverting over a group 
of the plants in question a glass crystallizing dish about 15 cm. in diameter 
and about 8 cm. in depth. The edge of the inverted dish w T as pressed firmly 
against the soil and the enclosed air-chamber must very soon have become 
practically saturated with water vapor. These tests thus consisted in sur¬ 
rounding the leaves with nearly water-saturated air for a period of approxi¬ 
mately 18 hours, during which time there was no significant transpiration. 

In most cases where the moist-chamber test just described was applied 
no recovery w r as noted at the end of the test period and it w r as considered 
that the plants that failed to recover had at least passed beyond the par¬ 
ticular stage of wilting here used as approximately corresponding to the 
beginning of permanent wilting as defined by Briggs and Siiantz. These 
plants were given the score value of 0, being classed as vegetatively dead. 
In some other cases considerable recovery (of about half or more of the 
leaves) was manifest at the end of the 18-hour period under the crystalliz- 
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ing dish and the plants showing such recovery were given the numerical 
score value of 1, very poor. 

This method of determining the soil conditions coincident with the 
attainment of a particular stage of wilting might easily be made consider¬ 
ably more precise, especially if the soil-point readings were more frequently 
taken. However, as the plants approached the critical stage of wilting here 
considered, the rate of decrease in the water-supplying power of the soil was 
very slow. It is consequently probably safe to say that the plants given the 
grow T th-index value of 0 had not passed the critical wilting point by more 
than three days at most, and that no plants given the index value of 1 had 
yet reached that stage of wilting. 

Plants used 

Two species of clover and seventeen different grasses, the latter includ¬ 
ing nine different genera, were used. Some of these are common on lawns 
of the Baltimore region and elsewhere, while others are often used in agri¬ 
cultural practice. They are known to differ widely in general drouth 
resistance on lawns and in meadows and they consequently offer oppor¬ 
tunity for making selections to suit different climates and soils. These 
nineteen forms were as follows: (9, 23) : Alsike clover (Trifolium hyhridum 
L.), white clover (Trifolium repens L.), Kentucky blue grass (Poa pra- 
tensis L.), Canada blue grass (Poa compressa L.), red fescue (Festuca 
rubra L.), sheep’s fescue (Fesfuca ovina L.), Chewing’s fescue (Festuca 
sp.), Rhode Island bent grass (Agrostis tenuis Sibth.), velvet bent grass 
(Ay vast is canina L.), Vermont bent grass (Agrostis sp.), "Washington bent 
grass (Agrostis sp.), perennial rye-grass (Lolium perenne L.), Bermuda 
grass (Capriola dactyl on Adana.), tall oat-grass (Arrhenatherum elatius 
L.) brome grass (Bromits inermis Leyss.), orchard grass (Dactylis glomer - 
ata L.), timothy (Phleum pratense L.), redtop (Agrostis palustris Huds.), 
meadow fescue (Festuca elatior L.). 

Numerical data 

Our temperature and evaporation data are presented in table I and the 
corresponding soil-moisture and plant data are given in table II. The dates 
of observations are indicated across the top of the table in each case. The 
temperature values are given in degrees Centigrade, each value representing 
the average of the three daily means for the 3-day period indicated. The 
mean for each day was the average of the maximum and minimum for the 
day, as these were shown on the thermograph tracing, and the three daily 
means for each period were simply averaged to represent the 3-day period. 
Each evaporation value represents the average daily, corrected water loss 
(in cubic centimeters) from the blackened atmometcr sphere (F) or from 



TABLE I 

Mean daily temperatures and corrected evaporation values for green house cultures, for 3 -day periods, from 

Dec. 31 , 1925 , to Feb. 14 , 1926 
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the white sphere ( e ), for the 3-day period. It was secured by dividing by 
3 the corrected total loss for the 3 days in each case. Each actual loss 
observed was, of course, first multiplied by the coefficient of the atmometer 
sphere from which the loss had occurred. The value for the sunshine 
effect ( E-e ) for each 3-day period is shown (in cubic centimeters) as the 
difference between the mean daily corrected loss from the blackened sphere 
and the corresponding mean daily loss from the white sphere. These 
atmometer data are arranged in three groups, for the first, second and third 
rooms of the greenhouse. 

The data for the initial water-supplying power of the soil (table II) are 
expressed in terms of milligrams of water absorbed per soil point, for the 
1-hour period and for the 6-cm. depth. Each index value represents the 
number of milligrams supplied to the soil point, across a surface of about 
12 sq. cm. Thus an index value of 100 indicates that the soil could supply 
water to the absorbing surface at a rate of about 8 mg. per square centi¬ 
meter, for the first hour. The different plant forms considered are named 
at the left of the table and the room of the greenhouse in which each form 
was grown is indicated at the extreme right. The plant condition, as this 
became poorer with the drying-out of the soil, is shown for each time of 
observation, as follows: The soil values for condition 4 (vigorous growth) 
are in Roman type, those for condition 3 (some retardation) are in Italics, 
and those for condition 2 (beginning of definite injury), for condition 1 
(very poor) and for condition 0 (vegetatively dead) are all in bold-face 
type. The values for condition 1 and 0 are distinguished from each other 
and from those for condition 2 by the introduction of a capital letter before 
each value, P for very poor (condition 1) and D for dead (condition 0). 
All values for plants in the vegetatively dead condition are separated from 
the rest of the table by a stepped line. 

The soil area without plants (control) is represented in table II by the 
first line and the plant names are arranged in the order of the dates of onset 
of vegetative death, those at the bottom of the list representing plants that 
retained bright green and apparently healthy leaves longest after watering 
of the cultures had ceased. When the onset of vegetative death is recorded 
for several plant forms on the same day the plant names are arranged 
according to the decreasing order of magnitude of the corresponding soil- 
moisture indices.* Tall oat-grass and orchard grass are recorded as having 
all their leaves dead on January 27, while Canada blue-grass did not reach 
that stage of withering till February 14 and sheep’s fescue and red fescue 
did not reach it at all in the period of the experiment. The other forms 
take intermediate positions in the list. 

It is apparent that there is a general tendency for the soil-moisture 
indices corresponding to the beginning of vegetative death to be larger in 



TABLE II 

Initial water-supplying power of the soil and plant condition at end of each 3-day period, Dec. 31, 1925, to Feb. 14,1926 
Data are expressed as milligrams of water absorbed per soil point, for the 1-hour period and for the 6-cm. depth 
Values in Boman type correspond to vigorous plant condition, those in Italics correspond to plants 

SOMEWHAT RETARDED IN GROWTH, WHILE INJURY TO THE PLANTS IS INDICATED BY BOLD-FACE TYPE 
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the upper part of the table and smaller in the lower part. Tall oat-grass 
showed all its leaves dead with a water-supplying power of 52, while red 
fescue and sheep’s fescue had not reached that stage with supplying powers 
of 29 and 27 respectively. If the plant names are arranged according to 
the descending order of their soil-moisture indices when vegetative death 
was first noted, the list takes the form shown below, which is somewhat 
different from the list of table II, the index value being shown opposite the 
plant name in each case. 


Tall oat-grass . . 52 Timothy \ ^ 

Velvet bent grass 44 Redtop J 

Meadow fescue 43 Washington bent grass 36 

Orchard grass ] Canada blue grass 35 

Brome grass >. 42 Bermuda grass 34 

White clover J Chewing’s fescue 32 

Kentucky blue grass 41 Alsike clover . 30 

Rhode Island bent grass \ Red fescue 29 

Vermont bent grass J Sheep’s fescue 27 

Perennial rye-grass 38 


Tall oat-grass is again shown as least resistant while sheep’s fescue and 
red fescue are shown as most resistant. The difference between the values 
for adjacent forms in the intermediate region are, in many cases, probably 
not significant. It is notable that tall oat-grass stands by itself, having a 
much higher index value (52) than the next form on the list, velvet bent 
grass (44). The upper fourth of the total range of values (27-52) is rep¬ 
resented by tall oat-grass alone. The lower fourth is represented by Chew¬ 
ing’s fescue, alsike clover, red fescue and sheep’s fescue. 

Graphs 

The data for the twenty soil areas were plotted in graphic form for con¬ 
venient study and four of the resulting graphs (for the control area without 
plants and for the soils with tall oat-grass, with Kentucky blue-grass and 
with red fescue) are shown in figures 1-4, these being representative sam¬ 
ples. The values of the water-supplying power of the soil for the several 
dates of observation form the ordinates. The abscissa for any ordinate rep¬ 
resents the total accumulated evaporational water loss from the correspond¬ 
ing blackened .atmometer sphere for the period beginning December 31 and 
ending at the time of the observation in question. Each graph thus repre¬ 
sents primarily the rate of decrease in the soil-moisture value as related to 
the corresponding evaporation conditions and as related to the lapse of 
time. All four graphs are on the same scale. Dates of observation are 
shown above and the evaporation values below. The scale for soil moisture 
values is shown at the left. On the three plant graphs the health condition 
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of the plants is shown by the vertical subdivision of the area of the graph, 
each part bearing a notation that is self explanatory. The broken horizon¬ 
tal line near the base of each graph indicates the ordinate corresponding to 
the soil-moisture index value of 100, which has been emphasized as critical 
by Wilson (32). 


Doits of obstriftiio* 



Fig. 1. Graph showing decrease in water-supplying power (ordinates) for them, 
depth in control soil mass, without plants, as related to lapse of time (abscissas, above) 
and cumulative evaporation from standard blackened atmometer sphere (abscissas, 
below), as soil dried out after final watering. Horizontal broken line represents supply- 
ing-powcr value of 100. 

The average water-supplying power of the soil at the time of the first 
observation on December 31, twenty-four hours after the soil in the flats 
had been saturated with water, was in all cases about 3,000. This is mark¬ 
edly greater than the average value generally secured in Wilson's (32) 
studies of a lawn soil out-of-doors after a hard rain, which is only about 
2,000. Although the greenhouse flats were well drained, the height of their 
soil columns was very short in comparison with that for the open lawn, and 
the moisture content at the 6-cm. depth when drainage had just ceased was 
consequently much higher in the flats. 

From this high value at the start the index of water-supplying power 
decreased as the soil dried out, the beginning of the rapid decrease being 
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Fig. 2. Graph showing decrease in water-supplying power (ordinates) as in figure 1, but 
for soil with tall oat-grass. The area is divided into five parts roi^rcscntiug 
five different conditions of health in the plants. 

somewhat delayed in the case of the implanted area but more prompt in 
the other cases, especially for the area planted with red fescue. For the 
ordinate range from about 3,000 to about 500 the graph approximates a 
straight line in each case; that is, the rate of decrease in the index value 
appears to have been approximately proportional to the accumulating total 
of evaporation from the blackened atmometer sphere. But since the evapo¬ 
ration total, measured at 3-day intervals, was almost proportional to the 
lapse of time, it is clear that the downward slope of the graph is also about 
proportional to the passage of time in the period of this most rapid decrease 
in the water-supplying power of the soil. With more frequent observations 
the question thus apparently raised (whether the graph slope in this region 
is to be considered as proportional to evaporation or to time) might have 
been answered, especially if the actual evaporation conditions had been less 
nearly the same for the three rooms. On a priori grounds it seems certain 
that the rate of evaporation, and of transpiration, rather than time itself 
should be regarded as the determining factor here. The slopes of these 
rectilinear parts of the four graphs are similar; the values of y/x being 
12.3, 14.9, 15.0 and 13.3, respectively. The significance of the differences 
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among these values, if they are significant, cannot be judged from the data 
at hand. 

Tiie direction of each graph changes beyond the lower end of the 
straight-line portion just considered and more or less gradually approaches 
the horizontal. This means that the rate of decrease in the water-supply¬ 
ing power of the soil, in relation to evaporation from the atmometer (and 
to time), becomes slower as the soil dries out, which would of course be 
expected; the water-supplying power cannot decrease very much after low 
values have already been reached. The slope of the graphs is very low 
after the supplying-power value of 100 has been passed. 

The water-supplying power of the planted soil areas generally decreased 
somewhat more rapidly than did that for the area without plants. This 
was probably due to the fact that the plants with their leaves in the air and 
their roots ramifying and advancing through the soil mass, increased the 
effect produced by the evaporation conditions in removing water from the 
soil and in the consequent lowering of the water-supplying power. 

The idea already advanced by Livingston and Koketsu (17), by Liv¬ 
ingston and Oiiga (19), by Wilson (32), and by Welton (31), that the 
water-supplying-power value of about 100 (for the 6-em. depth) may be 
regarded as critical for many plants and for ordinary evaporation condi- 
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not yet dead at end of experiment. 

tions, receives support from an inspection of figures 2 and 3 and table II. 
Several interesting points in this connection are brought out by an ex¬ 
amination of the table. 

There is only one case (that of red fescue) in which the index value for 
the water-supplying power of the soil was observed to be as low as 100 
when the very beginning of growth retardation was first noted. In three 
cases (those of meadow fescue, Vermont bent grass and Washington bent 
grass) this critical value was first recorded six days after growth began to 
be retarded. Nine of the plants (tall oat-grass, orchard grass, brome grass, 
timothy, Bermuda grass, Chewing’s fescue, redtop, Canada blue grass and 
sheep’s fescue) showed the beginning of growth retardation nine days before 
the critical value was recorded. For four plants (Rhode Island bent grass, 
white clover, alsike clover and Kentucky blue grass) this period was twelve 
days. The period for the two remaining forms (velvet bent grass and 
perennial rye grass) was 15 days. Therefore, all but one (red fescue) of 
these nineteen plants began to show some slight effect of drouth much before 
the soil-moisture index had decreased to the value 100, but injury was not 


serious. 
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If we examine the table with reference to the soil-index values coincident 
with the beginning of definite injury (that is, with reference to the first 
boldface value given for each plant), we note that these values are below 
or about 100 for all forms. In the case of velvet bent grass serious injury 
was first observed with an index value of 106 and this is consequently not 
a significant exception to the general rule. In the case of meadow fescue, 
nothing worse than growth retardation was recorded for index values of 93 
and 75, and definite injury first appeared only when the index value had 
decreased to 60. For sheep's fescue and red fescue the beginning of serious 
injury was recorded for index values of 48 and 52 respectively, while the 
beginning of growth retardation was shown for values of 475 and 99 respec¬ 
tively. All these fescues are well-known to be drouth-resistant. Their more 
wire-like leaves do not respond to drouth as promptly as do the ribbon-like 
leaves of most grasses. 

The index value corresponding to pronounced injury (those marked P 
in the table) are all much less than 100, and the complete disappearance of 
bright green color (vegetative death) was first observed for values (marked 
I) in the table) ranging from 52 to 35. The corresponding values for 
sheep's fescue and red fescue would have been somewhat below 27 and 29 
respectively, but the experimental period was not prolonged sufficiently to 
bring about complete vegetative death in these two forms. 

It therefore appears that a water-supplying power of 100 may be 
regarded as approximately and generally critical for these cultures. Had 
water been added so as to maintain the index value above 100 all of the 
plants would probably have continued to grow without very serious drouth 
injury. Nevertheless, it is clear that, while the value 100 appears to be a 
safe limit, below which the water-supplying power should not fall if vege¬ 
tative health is to be maintained (for these plants and under these condi¬ 
tions of evaporation), yet the several plant forms differed markedly in their 
ability to withstand drouth. 

A study of the graphs gives a clearer picture of the differences just 
considered than can easily be secured from the table. The vertical lines 
separating each graph (excepting that of the control area) into regions to 
show the five different growth conditions are each placed about the middle 
of the space representing an observation period, it being certain that the 
change in the plants from one condition to the next occurred between two 
consecutive observations. More frequent observations would, of course, 
have furnished data for the more accurate placing of these lines, but the 
error thus introduced can never be large. Supposing that each plant graph 
fairly represents the progress of its plants from excellent health to vegeta¬ 
tive death, we may read from the graph the approximate water-supplying 
power of the soil for each of the points where the graph crosses the vertical 
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lines. These supplying-power values may be considered as approximately 
marking the transition from excellent to good growth, from good growth to 
wilting, from wilting to dying and from dying to complete vegetative death. 
At the same time we may note, in addition, the total amount of evaporation 
from the black atmometer that corresponds to the position of each vertical 
line, these totals being read along the base of the graph. Each represents 
the summation or integration of all the evaporation influences, from the 
time of the last watering to the time of the occurrence of the particular 
plant change in question. Table III presents the results of such a study 
of all the graphs, including the three here shown in figures 2 to 4. 

Although the data of table III are to be considered as only approxi¬ 
mately representative of the actual occurrences in these greenhouse cultures, 
yet they appear to show clearly that there w T ere marked differences among 
the plant forms with respect to these critical values of the water supplying 
power of the soil at 6-cm. depth. With reference to any one of these cri¬ 
teria some forms appear to have been more drouth resistant than others and 
the order of drouth resistance is not the same for the several criteria. Vel¬ 
vet bent grass appears to have shown the first effect of drouth with an index 
of water-supplying power as high as 2421, but this value is probably 
erratic; the first criterion is not easy to employ. Allowing for such in¬ 
stances, however, the possibility seems to be indicated that a plant shown to 
be highly drouth resistant with respect to the onset of vegetative death may 
be shown as of low drouth resistance with respect to the change from 
excellent to good growth or with reference to the onset of wilting. For 
example, sheep’s fescue, which appears to be very drouth resistant on the 
basis of onset of vegetative death, is like Washington bent grass (920) with 
respect to the change from excellent growth to good growth, while the last- 
named form is not shown to be especially resistant by the criterion of vege¬ 
tative death, 42. 

It may well be that we have in such cases indication of a very important 
ecological and physiological principle; namely, that some plants may be 
highly sensitive to drouth conditions wiiile they are still growing but excep¬ 
tionally drouth resistant after growth has been stopped or after wilting has 
supervened through the influence of inadequate water relations. In com¬ 
paring different plants with respect to their different degrees of drouth 
resistance, it is necessary to take into consideration the physiological criteria 
employed, as well as the kind of externally effective influences dealt with. 
Our sheep’s fescue was apparently not very drouth resistant toward soil- 
moisture conditions while it was still growing, but it w r as exceptionally 
resistant after growth had ceased and many of its leaves had died. 

Follet-Smith (5) in a summary of the water-supplying power of soils 
at the time of plant wilting, as ascertained by different investigators, found 
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Approximate critical values of the water-supplying power of the soil and of total evaporation from the black 

ATMOMETER (SINCE THE LAST WATERING), CORRESPONDING TO CHANGES IN THE CONDITION OF THE PLANTS 

Derived from graphs for the data given in tables I and II 
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this value to vary from 7.5 to 42, depending on the plants concerned and 
environmental conditions involved. The average value for this condition 
for the plant forms included in our table III was 55 and the value for a 
stage intermediate between wilting and vegetative death is 43. Our green¬ 
house values generally agree very well with those of Follet-Smttii, although 
our averages are somewhat higher. Many of the individual values fall near 
the 42-mg. value. 

The evaporation data given in table 111 indicate in a general way, as 
would be expected, that these evaporation totals increase as the indices of 
■water-supplying power decrease. The averages shown at the bottom of the 
table are instructive in this connection. Of course, they represent all the 
plants taken together. The suggestion that evaporation totals accumulated 
since the last watering may be employed as rough indices of the water- 
supplying power of the soil, has been implied by many writers in ecology 
and it has been considered by Wilson (32) in some detail. 

Another method for securing indices of drouth resistance as related to 
evaporation may consist in determining from the graph for each plant form 
the total amount of w T ater lost from the blackened atmometer between the 
time when the water-supplying-power index first fell below 100 and the 
time when the plants passed into the condition of vegetative death. This 
amount of evaporation is represented by the horizontal distance measured 
on the 100-line, from the intersection of the graph with that line to the inter¬ 
section of the same line with the vertical line that separates sections 1 and 0. 
These intercepts might be calculated directly from the numerical data but 
the graphical method is simpler and sufficiently precise. Their values for 
the 19 plants are listed below in the increasing order of their magnitudes. 
They are expressed as cubic centimeters of evaporation (corrected) from 
the Livingston standard blackened atmometer sphere. 


Tall oat-grass 

100 

Kentucky blue-grass 

237 

Orchard grass 

107 

Meadow fescue 

249 

Rhode Island bent grass 

124 

Chewing’s fescue 

252 

Velvet bent grass 

138 

Redtop 

275 

Brome grass 

168 

Perennial rye-grass 

281 

Washington bent grass 

178 

Canada blue-grass 

290 

White clover 

208 

Vermont bent grass 

300 

Bermuda grass # 

209 

Sheep’s fescue 

4581- 

Alsike clover . . 

230 

Red fescue 

4654 

Timothy 

212 




The values for sheep ’s fescue and red fescue must be greater than 458 and 
465, respectively, which are the largest of our series. 

Tall oat-grass is again shown as least drouth resistant and sheep’s fescue 
and red fescue are again shown as most drouth resistant. It is interesting 
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to note that very high drouth resistance was indicated for red fescue in the 
lawn studies reported by Wilson (32). 

There seems to be no value of the water-supplying power that can corre¬ 
spond to “permanent wilting” for all these plant forms, although all had 
the same kind of soil and approximately the same evaporation and light 
conditions. This is, of course, just what would be expected from the physics 
of the soil-plant-air system and from the experimental studies on wilting 
points and soil moisture contents carried out by Caldwell ( 4 ) and by 
Sitive and Livingston (26) . It becomes increasingly clear that the doctrine 
of unavailable soil moisture and wilting points, as set forth by Briggs and 
Shantz (3) and frequently accepted without question, is greatly in need of 
fundamental limitations based on still further critical study. Veihmeyer 
and Hendrickson's recent studies (29) are important in this connection. 

The apparently rather definite and significant relation between the 
decrease in the water-supplying-power of the soil and the corresponding 
increase in the total amount of water lost from the blackened atmometer 
sphere since the last watering, is consistent, in general, with a similar rela¬ 
tion emphasized by Wilson from his studies on lawn plants in the open. 
He found that the index of the water-supplying power of his lawn soil 
(which has somewhat higher water-holding power than the one used in 
these greenhouse cultures) was about 2,000 shortly after a rain and 
decreased by about 4.0 for each atmometric increment of 1 cc., for the range 
of water-supplying power from about 2,000 to 100. It is interesting to 
secure corresponding ratio values for these greenhouse cultures, for com¬ 
parison. The average period dealt with in Wilson's outdoor study was 
only 11 days in length and some rain occurred within the period in each 
case. In this greenhouse study, on the other hand, there was no irrigation 
or any addition of water to the soil during the period wiiile the water- 
supplying power was decreasing from about 2,000 to about 100. Besides 
the unplanted area in the third greenhouse room, three planted areas, one 
from each greenhouse section, may be considered as representative; namely, 
those with alsike clover (room III), Kentucky blue grass (room II), and 
velvet bent grass (room I). The lengths of the periods in question for 
these four cases were 1*5, 21 and 15 days, respectively, for the planted areas, 
and 18 days for the unplanted area, the average length of period being 17 
days. It will be noted that this period was considerably longer for the 
greenhouse cultures in winter than for the open lawn in summer, in spite 
of the fact that the period of the latter was not wholly without rain. 

The supplying-power index of the alsike area was 1,947 on January 9 
and it had fallen to 85 fifteen days later, on January 24—a decrease of 
1,882. For this period the total loss from the blackened atmometer sphere 
in the same greenhouse room was 339 cc., and the index value consequently 
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decreased at the average rate of 5.55 for each cubic centimeter of total 
evaporation. The area with Kentucky blue grass had a water-supplying 
power of 2^222 on January 6 and on January 27 this had fallen to 87, the 
total decrease being 2,135 in 21 days. This period showed an accumulated 
water loss from the blackened atmometer sphere of 398 cc. and the average 
decrease in the index value was 5.36 per cubic centimeter of total evapora¬ 
tion. The water-supplying power of the area planted to velvet bent grass 
was 2,011 on January 12 and on January 27 it was 86, the decrease being 
1,925 in this case. The evaporation for the period of 15 days was 363 cc. 
and the average decrease in the supplying-power index was 5.30 per cubic 
centimeter of total evaporation. For these three planted areas which do 
not differ significantly in this respect, the average rate of decrease in the 
index value is 5.4, for the range from about 2,000 to about 100—more 
accurately to about 80. 

The unplanted area had a water-supplying power of 2,123 on January 9, 
which decreased to 75 by January 27, thus showing a decrease of 2,048 in 
18 days, and the corresponding total evaporation during this period was 
407 cc. This gives a decrease in the soil-moisture index of 5.0 per cubic 
centimeter of total evaporation. Thus the mean rate of decrease in the 
water-supplying power for the range considered and for the 6-cm. depth, 
was somewhat less for the unplanted area than for any of these planted 
areas, as would be expected; since no w T ater was lost from the soil of the 
former through plant absorption and transpiration. The difference between 
the average rate for the unplanted area and that for the three planted areas 
is only 4 in 54, or 7.4 per cent. This is a small difference but it may rep¬ 
resent the influence of this kind of vegetation cover on the drying-out of the 
soil at the 6-cm. depth, under the climatic and soil condition of these green¬ 
house cultures. These mean decrements of w T ater-supplying power for each 
cubic centimeter of corrected water loss from the blackened atmometer 
sphere may be summarized as follows: For the open lawn in summer 
Wilson (32), 4.6; for planted greenhouse fiats in wunter, 5.4; and for the 
unplanted greenhouse flat in winter, 5.0. 

The rate of decrease in water-supplying power per cubic centimeter of 
evaporation from the standard blackened atmometer sphere was greater in 
all four cases in the greenhouse than in any case recorded by Wilson for 
the open lawn. This was to be expected, since no addition of water to the 
soil occurred in the greenhouse, while there were light rains during every 
period of drying-out in Wilson's study. Other differences may also be 
important, especially the difference between the two soils and between the 
components of the evaporation complex in the two studies, but both results 
are to be considered as only approximate. 

From these and other similar considerations it seems possible that at¬ 
mometer records might be employed in place of soil-point readings, to indi- 
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cate the need of irrigation and the approach of injury from inadequate 
water supply during drouth periods, at least for such plants as are dealt 
with in this study. For example, for a soil similar to those here considered 
it might be presumed that about 300 or 350 cc. of water might be lost from 
a properly exposed standard blackened atmometer sphere between two con¬ 
secutive applications of water, each application being sufficient to wet the 
soil to its maximum field capacity. Atmometer records would be kept by 
cumulative daily readings and a thorough watering would occur on the day 
following the one on which the total of all readings (since the last water¬ 
ing) amounted to 350 cc. Then the summing would be begun again, etc. 
Such a procedure would be comparatively simple and it should maintain 
the water-supplying power of the soil at a higher value for greater depths. 
At the same time there would be little chance of deficient soil aeration 
through too long continued high water contents of the soil. This sugges¬ 
tion has not yet been tested in practice, but it may have real practical value 
for those who desire to maintain healthy plant growth, as for a lawn 
throughout the growing season, with a minimum application of water and 
without any periods of considerable growth retardation or discoloration due 
to drouth. The summation value to be employed would doubtless vary with 
the nature of the soil used and it might be much greater for specially 
drouth-resistant grasses, such as red fescue and sheep’s fescue, than for 
such forms as velvet bent grass or Washington bent grass. It might be safe 
to neglect rain unless it was quite certain that any period of precipitation 
had brought the soil-moisture index to 2,000 or above. 

This new suggestion, that atmometers might be employed to furnish a 
possibly valuable guide to the moisture condition of the soil, without re¬ 
course to any soil measurements at all, is worthy of serious attention in 
tests at the hands of ecologists and agriculturists, agricultural climatolo¬ 
gists and others interested in the ecological aspect of plant water relations. 
The suggestion appears to be specially promising for stations where little 
or no rain falls during the growing season and where water must be sup¬ 
plied to cultivated plants by means of irrigation, but the effect of precipi¬ 
tation, when it occurs, may be taken into account after some preliminary 
study. The critical value of total evaporation would, of course, vary with 
the kind of plants grown, with their stage or phase of development, with 
the water-holding power of the soil, with its depth and the depth to which 
the plant roots penetrate, etc. The principle involved may be stated as 
follows: For any given upland plant at any stage of its growth and for the 
particular soil in which it is rooted, the water-supplying power of the soil 
mass occupied by the root system should be adequate for healthy growth 
just after the soil has been thoroughly wetted by rain or irrigation and 
allowed to drain, and the water-supplying power should remain adequate 
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for healthy growth until the continuously summed drying effect of the air 
and radiation conditions (as these operate to remove water from the soil 
by direct evaporation and by plant absorption and transpiration) has at¬ 
tained a certain critical value. It seems likely that the continuous summa¬ 
tion of daily readings from a suitable form of atmometer suitably exposed 
may give a satisfactory measure of the summed drying influences and that 
such an atmometric summation may indicate approximately when the 
water-supplying power of the soil approaches a point where it would be 
inadequate for satisfactory growth of the plant. 

Pot cultures 

A few tests with potted broad-leaved plants were made in connection 
with the experiments already described. These will now be presented 
briefly. Ordinary 6-in. pots were used. The plant forms employed were 
buckwheat ( Fagopyrum eseulentum Gaertn.), kidney bean ( Phaseolus vul¬ 
garis L.), Coleus blumei Benth., hollyhock ( Malva sylvcslris L.), and sen¬ 
sitive plant ( Mimosa pudica L.). The cultures were started late in Sep¬ 
tember, 1925, all with a mixture of sand, loam and humus like that used 
for the cultures in flats. Fifteen pots were prepared for each kind of 
plant, with five plants in each pot for buckwheat, four for bean, and one 
for each of the other forms. Some additional pots of buckwheat had fif¬ 
teen plants each. The pots were watered at intervals until vigorous plants 
were secured. The last watering for buckwheat, bean and Coleus occurred 
on November 16, buckwheat and bean being then in bloom, and watering 
was discontinued April 9 for hollyhock and sensitive plant. The cultures 
were allowed to dry out gradually after watering had ceased, and soil-mois¬ 
ture determinations were made at the beginning of visible wilting and at 
two subsequent stages of drouth injury. The numerical results were re¬ 
corded in terms of water content of the soil per unit of natural volume, as 
well as in terms of the water-supplying-power value determined by soil 
points for the 6-cm. depth and for the 1-hr. period. To determine the 
water content three cork-borer samples, 1 cm. in diameter and 7 cm. in 
depth, were taken for each test and these three were combined to form a 
composite sample. The resulting water-content value represents an aver¬ 
age for the pof. Similarly, three soil points were used in each pot at each 
observation, the average reading being recorded. Jt should be noted that 
evaporation from the pot w T alls as well as from the soil surface accelerated 
the drying-out of the soil, and wilting occurred sooner than would have 
been the case had the containers been impervious to w r ater. 

The last two columns of table IV present the results of these tests when 
the plants were just beginning to wilt, when they were badly wilted and 
when the leaves had just become thoroughly dried. (What is here termed 
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“bad wilting’’ may be considered as approximately the stage called the 
beginning of permanent wilting by Briggs and Siiantz, though no recov¬ 
ery tests were carried out on these pot cultures excepting for some of the 
pots of bean.) At the bottom of the table are given corresponding data 
for Coleus and hollyhock when in good condition, shortly before these plants 
began to wilt. The number of plants in a pot and the number of pots 
tested in each case are also shown in the table. 

TABLE IV 

SOIL-MOISTCRE DATA FOR POTTED PLANTS IN THE GREENHOUSE 


Condition 
OF PLANTS 

Plant name 

No. OF 
PLANTS 

IN POT 

No. OF 
POTS 

TESTED 

Water-sup¬ 
plying 
power OF 
SOIL AT 6-CM. 
DEPTH 

Av. WATER 
CONTENT IN 
100 CC. OF 
SOIL 


Buckwheat 

15 

3 

50 

5.46 

Plants 

Buckwheat 

5 

3 

48 

6.08 

just 

Bean 

4 

3 

42 

5.16 

Loginning 

Coleus 

1 

3 

40 

5.47 

to wilt 

Hollyhock 

1 

4 

43 

5.36 


Sensitive plant 

1 

8 

44 

6.48 


Buckwheat 

5 

G 

36 

4.60 

Plants 

Beau 

4 

6 

34 

5.05 

badly 

Coleus 

1 

3 

36 

5.47 

wilted 

Hollyhock 

1 

4 

32 

4.16 


Sensitive plant 

1 

3 

23 

3.88 


Buckwheat 

5 

3 

27 

4.03 

Loaves 

Bean 

4 

3 

26 

4.25 

dried up 

Coleus 

1 

3 

29 

4.20 

Plants in 

Coleus 

1 

3 

164 

8.26 

good 

condition 

Hollyhock 

1 

3 

60 

7.73 


Since the observation of the second and third stages of drouth injury 
here dealt with was not so definite as that of the beginning of wilting, the 
most interesting values to study are those of the first section of table IV. 
In buckwheat, bean and Coleus wilting begins as a noticeable drooping of 
the leaf blades. In hollyhock the first sign of wilting is a flattening of the 
blade, previously somewhat eoneave upwards. The ultimate leaflets of the 
sensitive plant fold at the beginning of wilting as they do in assuming their 
night position or as a result of mechanical stimulation. The use of this 
definite response has been emphasized by Koketsu ( 10 ) as a criterion for 
fixing upon an exceptionally precise stage of wilting in this plant. 
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For all these plants the beginning of wilting occurred with a water- 
supplying power between 50 and 40 and with a water content between 5.15 
and 6.48 per cent, (on the basis of natural volume). From the data for 
water-supplying power it appears that the buckwheat plants required a 
significantly higher value (48 or 50) to prevent the onset of wilting than 
was required by the other forms and that the latter were so nearly alike 
with respect to the water-supplying power of the soil at the beginning of 
wilting that the differences indicated (between 40 and 44) may be consid¬ 
ered as insignificant. The value for the sensitive plant (44) is probably 
somewhat more reliable than the values for bean. Coleus and hollyhock, 
because of the larger number of tests involved in the average for the sen¬ 
sitive plant as well as because the beginning of wilting was probably more 
precisely observed in that case than in the others. Whether fifteen or five 
plants of buckwheat were present in the 6-in. pot made no significant dif¬ 
ference in the soil-point value corresponding to the beginning of wilting. 
It may be noted that the soil point readings at the time of bad wilting for 
the five species listed in the second section of the table all fall within the 
limits of 7.5 to 42 mg. mentioned by Follet-Smitii (5) in his summary of 
the wilting point values obtained by various workers. Nevertheless, the 
soil-point values given for successive stages of drouth injury for each of 
the other forms are remarkably consistent and indicate such differences as 
might be expected. The water-content data are not so consistent, however. 

It appears in general that both water-supplying power and water con¬ 
tent are to be regarded as useful for studying changes in soil-moisture 
conditions between two successive stages of drouth injury, but that the soil- 
point method is apt to be somewhat more sensitive and probably more pre¬ 
cise. The soil-point method gives promise of great advantages when the 
soils of a series are not nearly alike, but those advantages are not shown in 
this series because the same kind of soil was used for all cultures. 

From the data of table IV, buckwheat appears to have shown about the 
same degree of drouth resistance as was shown by bean and Coleus if we 
use the second or third stage of injury, while it was less resistant than the 
other two forms if we use the first stage of injury. Bean, Coleus, hollyhock 
and sensitive plant appear to have shown about the same degree of drouth 
resistance on the^ basis of the beginning of wilting but the sensitive plant 
showed a much higher degree of drouth resistance than any of the others 
on the basis of the onset of bad wilting. Such differences between the indi¬ 
cations secured for different degrees or stages of water deficit may be partly 
due to uncertainty in observing the exact stage desired in any instance, but 
it seems reasonable to suppose that different stages of wilting may not agree 
in their indications as to drouth resistance, as has been said in the earlier 
part of this paper. 
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The results secured from these pot tests cannot be compared in detail 
with those from the cultures in flats, described in the first part of this paper, 
notably because the period of drying-out of the soil mass was much shorter 
in the case of the pot tests. Evaporation conditions for the two series were 
somewhat different also, and these should influence the results. In a gen¬ 
eral way, the two series agree in showing the remarkable sensitiveness of 
the soil points when compared with the plants and in furnishing evidence 
of the promise and practicability of the soil-point method for studying soil- 
moisture conditions. 

Conclusion and summary 

The water-supplying power of the soil adjacent to plant roots is the 
single dynamic soil feature that directly affects plant water relations. All 
other soil features or characteristics that appear to influence plant activity 
through water relations are indirect in their operation, for they either 
affect the water-supplying power of the soil (directly or indirectly) or else 
they affect the aerial environmental complex or the capacity of the plant 
itself to absorb or conduct or retain water. The water-supplying power of 
a soil may be directly measured by the soil-point method, without reference 
to the kind of soil used, its degree of packing or its water content. The 
numerical values or indices secured represent the ability of the soil to 
deliver water to an absorbing surface. The standard instrument has an 
absorbing area of 32 sq. cm. and the standard period of its exposure in the 
soil is 1 hour. If any index value is divided by 12 the resulting quotient 
is the hourly rate of water delivery by soil to soil point across an area of 
1 sq. cm., for the hour of the test. 

This study of greenhouse cultures in winter (carried out at the Johns 
Hopkins Laboratory of Plant Physiology, in Baltimore) deals with some of 
the more easily detected relations that exist between (a) soil-moisture con¬ 
ditions as represented by the water-supplying power of the soil at a depth of 
6 cm. and (b) plant health and vigor as these alter with the drying-out of 
the soil mass after the cessation of watering. As this drying-out progresses 
the plants first show growth retardation, followed by complete cessation of 
growth. They then wilt and finally die by degrees, the leaves being, of 
course, the first parts to be visibly affected. 

For any particular soil mass the water-supplying power at any particu¬ 
lar place in the mass is specific for any given instant. It is greater the 
greater is the water content and it is different for different degrees of pack¬ 
ing. An upland soil with water content equal to its maximum field caj)ac- 
ity (as when downward flow of water has just ceased after a heavy rain or 
after the artificial application of water) can supply water to an absorbing 
surface, such as that of root, root-hair or soil point, at a rapid rate; but the 
supplying power steadily decreases as the soil dries out through absorption 
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of water by plant roots and through evaporation into the air above. The 
water films become thinner, the resistance to capillary movement increases 
and the capacity of the soil to supply water to a root system eventually 
becomes insufficient to maintain health in a plant with stationary root sur¬ 
faces. However, plants generally extend their root systems continually 
into new soil regions, where the water content and water-supplying power 
have been less depleted. When the combined effects of root advance and 
capillary movement of water fail to supply water at a rate sufficient to 
make up for the loss and use of water by the plant (transpiration, tissue 
enlargement, etc.), then the water content of the plant begins to decrease 
and wilting soon begins. If no water is added to the soil adjacent to the 
root system, wilting becomes more pronounced and extensive and withering 
and death eventually supervene. In the meantime, the water-supplying 
power of the soil region occupied by the root system continues to decrease. 
Although it may be true that the production of root branches and root-hairs 
is generally, or, in some cases, most, vigorous in soils with supplying powers 
somewhat below the optimum for most active top growth, nevertheless pro¬ 
nounced wilting and withering of the leaves is probably accompanied by 
great retardation or cessation of root growth. For any short interval in the 
drjdng-out period there appears to be a fairly definite relation between the 
health of the plant and the current magnitude of the water-supplying power 
of the soil about its roots, if we consider other influential conditions as 
remaining practically unchanged. 

This paper deals mainly with (a) the progressive decrease in the initial 
water-supplying power of the soil (measured by means of soil points ap¬ 
plied for one hour at the fi-cm. depth) as the soil dries out after watering 
has been discontinued, and with (b) the accompanying gradual change in 
the condition of the plants as they pass from excellent to good health, from 
good health to the beginning of wilting, from the onset of wilting to the 
occurrence of bad wilting, and from the onset of bad wilting to the onset 
of vegetative death, (when all leaves are withered). The occurrence of 
“bad wilting” in our cultures corresponds closely to the onset of “perma¬ 
nent wilting” as roughly defined by Briggs and Shantz. 

In the main series of experiments, greenhouse cultures in wooden boxes 
or flats were employed. There were seventeen different grasses and two 
clovers, also three control soil areas without plants. The same kind of soil 
was used for all flats, a light loam. When a well-established turf had been 
formed in all cultures the soil was thoroughly wetted for the last time and 
watering was discontinued. Throughout the ensuing period of the drying- 
out of the cultures records of plant condition and of the water-supplying 
power of the soil were made at frequent intervals and corresponding rec¬ 
ords were kept of air temperature and of evaporation and water loss from 
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standardized Livingston spherical atmometers, white and blackened with 
lampblack. The indices of water-supplying power are expressed in terms 
of milligrams of water absorbed by a single standard soil point (about 12 
sq. cm. of absorbing surface) in one hour, at a depth of 6 cm. beneath the 
top of the soil mass. 

The numerical data are given in tables, and sample graphs are pre¬ 
sented for the control soil areas without plants and for the cultures of tall 
oat-grass, Kentucky blue-grass and red fescue. The numerical value for 
the water-supplying power of the soil at the 6-em. depth decreased from 
about 3,000 to about 500 in nearly the same manner in all the flats. After 
the first few days the rate of decrease was nearly uniform for a long 
period and about proportional to the lapse of time. When the index value 
had reached about 500 the rate of decrease became slower, being very slow 
for values below 100. 

In twelve out of the nineteen plant forms studied actual drouth injury 
became apparent about the time that the decreasing water-supplying 
power of the soil attained the critical value of 100. For the remaining 
seven forms injury did not appear until still lower values had been reached. 

Of these nineteen species, tall oat-grass showed the lowest degree of 
drouth resistance; its leaves were all dead by the time the index of the 
water-supplying power of the soil had decreased to 52. Ked fescue and 
sheep’s fescue showed the highest resistance; they still had many living 
leaves when the index value had decreased to below 30. At the end of the 
experiment period of about six weeks, with no water added to the soil and 
with a total evaporation of about 800 cc. for the period (from the blackened 
atmometer sphere), all of the leaves were dead for all forms except sheep’s 
fescue and red fescue. 

Clear relations were shown between the rate of decrease in the water- 
supplying power of the soil and the corresponding rate of water loss from 
the blackened atmometer. For the period during which the value of the 
water-supplying power was decreasing from about 2,000 to about 100 this 
relation was about the same for all soil areas; the index value was dimin¬ 
ished, on the average, by 5.4 (in the case of the planted flats) or by 5.0 (in 
the case of the control area) for each cubic centimeter of total evaporation. 
These ratio values are somewhat greater than a corresponding value (4.6) 
found by Wilson in his studies on the soil of an open lawn in summer at 
Baltimore. 

It is suggested that the total evaporation that has occurred from a 
suitably exposed standard atmometer since the last preceding considerable 
application of water to the soil may offer a means of approximating the 
water-supplying power of a field soil at any time within a rainless or nearly 
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rainless period. If the losses from the atmometer are summed from day 
to day, as such a drouth period advances, it appears from our studies and 
from that of Wilson that the summation amounts to about 350 cc. or 400 
cc. at the time such plants as lawn grasses begin to show drouth effects. 
The critical evaporation total should depend on the kind of soil, kinds of 
plants, etc., and upon the daily rate of evaporation. It should be different 
for sufficiently different climatic complexes. 

The several cultures did not indicate a uniform relation between 
amounts of total evaporation (since the last watering) and the onset of 
vegetative death in the plants. Beginning when the soil-moisture index 
was about 100, vegetative death occurred for tall oat-grass when only 100 
cc. of water had been lost from the blackened atmometer sphere. For 
Canada blue-grass this evaporation total was 290, while for sheep’s fescue 
and red fescue vegetative death had not occurred with evaporation totals 
of 458 and 465, respectively. 

A few experiments were performed with pot cultures (in ordinary 6-in. 
pots in the greenhouse, in winter and spring) of buckwheat, C(^eus, 
sensitive plant, bean and hollyhock. These were treated about like the 
cultures in fiats, having the same kind of soil as those, but records were 
made of volumetric soil-moisture content as well as the soil-point readings, 
at intervals during the drying-out of the soil following the last watering. 
These two methods for securing numerical indices of soil-moisture condi¬ 
tions generally agreed very closely. Since the soils were alike for all cul¬ 
tures the two methods should be about equally useful in such a series, but the 
dynamic method appears to be somewhat more precise. 

The beginning of wilting occurred, for all five of the potted forms, with 
supplying-power values between 50 and 40, and with volumetric residual 
water contents of the soil between 6.48 and 5.15 per cent. Buckwheat 
appeared to be least drouth-resistant by these criteria and the other plants 
were apparently somewhat more resistant and about alike. Hollyhock and 
sensitive plant were found to be specially suitable for studies of this type, 
because of their delicate and easily observed leaf responses at the beginning 
of wilting. 

Ohio Agricultural Experiment Station, 

The Johns ♦Hopkins University. 
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AVAILABLE WATER AND THE WILTING OF PLANTS 


Arthur D. Moinat 

Soil moisture in relation to plant growth is expressed upon the basis of 
its availability to the plant. Botanical or agricultural papers in which 
comparisons are made of the effects of different soils and soil moistures 
upon the growth of plants must necessarily consider the ability of the plant 
to obtain the moisture present in the particular soil. It is apparent how¬ 
ever to those who have given such problems some study that our methods 
of determining the availability of water in a given soil are not very accu¬ 
rate nor very easily applied. It was with the view in mind of studying 
the plant in wilting and to improve, if possible, some of the methods 
used in investigating the water relations at wilting that this work was 
undertaken. 

Sachs (9) as early as 1859 demonstrated the importance of the textural 
properties of the soil in determining the percentage of soil moisture which 
is available to plants. Briggs and Shantz ( 1 , 2 , 3 ) designated that per¬ 
centage of moisture which remains in the soil at permanent wilting as the 
wilting coefficient. Permanent wilting was defined as the stage of wilting 
of a plant from which it fails to revive within 24 hours if placed in a 
saturated atmosphere. From their results they concluded that the wilting 
coefficient varies with the character of the soil but is very nearly the same 
for all types of plants. The differences found when different species were 
used were interpreted as being due to variations in root distribution. They 
were led to conclude further that the soil moistures at which plants are 
grown have no effect upon the value of the wilting coefficient. 

Veihmeyer and Hendrickson ( 14 ) have found evidence that plants 
are able to reduce the moisture content of different soils to different degrees 
of “dryness” before permanent wilting sets in. Therefore they believe 
that the wilting coefficient cannot be calculated from the moisture equiva¬ 
lent as is commonly done. 

The soil has a water-retaining power at the wilting coefficient of 3 to 4 
atm. according to Shull's ( 10 ) calculations on the basis of water intake 
of cocklebur seeds. The average osmotic pressure of the plant root is 
equivalent to 7 or 8 atm. as determined by Hannig (5). However accord¬ 
ing to Ursprung ( 12 ) the average effective osmotic pressure is more likely 
to fall to 3 or 4 atm. Even with unimpaired ability of the root to absorb 
moisture the practical cessation of movement of water in the soil at low 
moisture ranges would cut down water intake to an entirely inadequate rate. 

Ursprung and Blum (13) have shown that the effective osmotic pressure 
of roots may vary by several atmospheres in a relatively short time. For 
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example when Vicia faba was transferred from tap water to a 0.2N solution 
of sucrose and with the removal of the greater part of the root system, the 
remaining roots increased in effective osmotic pressure from 5.3 to 6.3 atm. 
Renner (7) found that Phaseolus seedlings previously adapted to weak 
KN0 3 solution were able to absorb water from 3-5 per cent. KNO, solutions 
which represent 12-20 atm. of pressure respectively. Ricome ( 8 ) was able 
to cause the rapid wilting of Vicia faba and Ricinus plants when trans¬ 
ferred from Knop’s solution to Knop’s solution with 1 per cent. NaCl. 

Comparatively few investigators have studied the plant at permanent 
wilting. Caldwell ( 4 ) found a decrease of 30 per cent, in the water 
content of the leaves of plants at permanent wilting. The percentage of 
water in leaves at permanent wilting was approximately constant for all 
individuals of the same species at the same stage and degree of development. 
This constant was unaffected by external conditions under which the wilt¬ 
ing occurred. The water of the stem tissue was not considered, since ac¬ 
cording to this author, the water of the leaves of six weeks’ old Phaseolus 
plants is much greater proportionally than that found in the*stems. 
Koketsu (6) found this constant (i.e., the water present in the leaves at 
permanent wilting) to be affected by the character of the soil. With 
Glycine it was found that the higher the water-holding capacity of the soil 
the larger the critical water content of the leaves. Opposite results were 
obtained with Coleus. The ratio of the critical water content at permanent 
wilting to the water content at full turgidity was found to be higher for 
Coleus than for Glycine or Mimosa . According to Ivoketsf, tin 1 lower 
one finds this ratio to be, the more xeric the plant. 

Materials and methods 

Seedlings of Phaseolus vulgaris (Burpee’s Stringless Greenpod) as 
grown under greenhouse conditions were used in all the experiments. In 
most cases the plants were grown in brown silt loam soil. In a few in¬ 
stances sand cultures (silica sand) w T ere used. The calculated wilting 
coefficient for the sand was 0.213 per cent, and that for the soil was 17.27 
per cent. 

In preliminary experiments direct determinations of the wilting coeffi¬ 
cient of the soil were made according to the method of Briggs and Shantz 
(1). Plants were grow r n in soil about 1 inch deep, both with and without 
a w r ax seal. Each culture was brought up to its original weight and 
moisture content daily or every second day until the plants had reached 
the stage at which w’ater was no longer applied. Soil samples w ere taken 
at permanent wilting from the deeper soil in which actively absorbing roots 
were located. All soil samples were dried to a constant w r eight at 100° C. 
and the per cent, of moisture calculated on the basis of the dry w eight. 
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Other experiments were set up with the cultures growing in auto¬ 
irrigators in order to maintain a more nearly constant soil moisture. A 
description of this irrigator is to be published as a separate paper. There 
was space for nine soil containers in an irrigator; three of the containers 
were maintained at a soil moisture of approximately 15 per cent., three 
others were at approximately 26 per cent, and the remaining containers 
were held at a soil moisture of about 55 per cent. The soil moisture in a 
given container varied somewhat with different irrigators but was approxi¬ 
mately constant throughout a single experiment. Six plants were grown 
in the soil of each container. 

In starting a group of plants in an irrigator the seed was allowed to 
begin its germination in wet sand. It was then transferred to the soil, 
discarding at the same time all unsatisfactory seeds. The soil in all the 
containers of an irrigator was held at approximately 27 to 30 per cent, of 
moisture for three or four days or until the seedlings began to push through 
the soil. Soon thereafter the soil moistures changed to the percentages 
shown in the tables. 

It will be noticed in several of the tables to follow that in certain cases 
the soil moistures at which the plants were grown were below the wilting 
coefficient. Due to the construction of the irrigator it was impossible to 
get a sample of soil which was representative of the moisture supply upon 
which the plants were depending except in those eases where the soil mois¬ 
ture was somewhat above the wilting coefficient. 

In certain experiments the plants thus grown were subjected to perma¬ 
nent wilting and the per cent, of water present in the wilted plant deter¬ 
mined. Permanent wilting was considered to be that state of wilting from 
which a plant will not regain the turgidity of its leaves if placed in the 
dark in a saturated atmosphere for a period of 24 hours. To determine the 
per cent, of water present in plant tissue, the material was collected in the 
fresh state in small closed containers, weighed, dried for 3 days at 100° C. 
and reweighed. 

Plants grown at the different soil moistures provided by the system of 
automatic moisture control were used in tests in which the dry weight per 
unit of leaf area was measured. The leaf areas were determined with the 
aid of planimeter tracings of blue-printed or pencil-traced leaf margins. 

In order to make the various tests more uniform the plants were not 
used until they had reached a definite stage of development. The stage 
most used was that in which the seedling had developed 2 well expanded, 
simple leaves (its first true leaves) and the internode above them was not 
over 5 mm. in length. The cotyledons at this stage w'ere badly shrivelled 
but had not fallen off. In other plants the per cent, of water was deter- 
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mined when every leaflet of the first compound leaf was over 2.5 cm. in 
length. 

To compare the wilting of plants grown in soil with that of plants grown 
in water cultures, a number of bean seedlings were grown in tap water in 
gallon earthenware jars. The water was changed daily in order to give 
more favorable conditions of growth. When the young plants had attained 
growth stages similar to those used in the tests just described, they were 
transferred to tumblers of tap water plus sodium chloride in various con¬ 
centrations some of which were sufficient to produce wilting. The rate of 
wilting was increased in certain cases by means of air currents from an 
electric fan. 

Results and conclusions 

By reference to table 1 it is seen that direct determinations of the wilt¬ 
ing coefficient gave values slightly lower than the values calculated from 
the moisture equivalent. This may have been due to certain properties of 
the soil used or to variations in the methods from those of Briggs 
and kShantz. A serious difficulty which is always apparent in th# direct 

TABLE I 

Direct determinations of the wilting coefficient of silica sand 

AND BROWN SILT LOAM SOIL 

Plants grown at the soil moistures indicated 


Number of 
determi¬ 
nations 

Original moisture content 

OF SOIL 

Moisture in soil 
at permanent 

wilting 


a. Besults with silica sand 




prr cent . 

3* 

8% of the dry weight 

0.047 ±. 0.005 

5* 

11% “ “ “ “ 

0.048 =t 0.004 

5* 

13% “ “ “ 

0.115 =r 0.021 


b. Brown silt loam soil 


5t 

32% of the dry weight 

15.98 m 0.11 

7t 

40% “ “ “ “ 

17.20 =t 0.18 


Wilting coefficient of sand calculated on the moisture equivalent - 0.213 per cent. 
Wilting coefficient of soil calculated on the moisture equivalent -17.27 per cent. 

* Duplicated samples, 
t Triplicated samples. 

determination is the wide difference in the rate of wilting of individual 
plants growing in the same container. 

Plants which were growing in sand could be wilted very rapidly 
by withholding water. In soil cultures the wilting was less rapid, being 
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an especially slow and gradual process when the soil surface was sealed 
over with wax. Seedlings growing in a soil culture which dries out very 
gradually develop a smaller leaf surface, a dark green color and gradually 
acquire more and more of the characteristics of xeric plants. It is highly 
probable that in this process the per cent, of bound water increases and 
perhaps there are cellular changes which are as yet little understood but 
which may be important from the standpoint of the wilting of the plant. 

In both the sand and the soil cultures (table I), which were set up in 
shallow containers and watered at the surface from day to day to bring the 
culture up to the required moisture percentage, the containers in which a 
higher soil moisture was maintained previous to wilting, gave a higher wilt¬ 
ing coefficient. The determinations were rather few but the tendency is in 
the direction which one would expect if a somewhat more xeric type of 
plant develops in a substrate maintained at a lower moisture content. 

In order to study the variation in water present in a plant at permanent 
wilting a number of seedlings were grown under constant automatic water 
supply. In bringing the plants to permanent wilting they were treated in 
three different ways: (1) plants were wilted in the soil in which they grew 
by removing the container from the irrigator; (2) plants were removed 
from the soil without mutilation of the roots and allowed to dry on 
a wooden drying rack; (3) seedlings were cut at the surface of the soil and 
wilted upon the drying rack. The method by which the plants w*ere 
brought to the state of permanent wilting had but little effect upon the 
water content of the plant when it reached that stage. However the rate 
of wilting was changed considerably according to the method used. The 
seedlings wilted very rapidly when they were removed from the soil wath 
the root system left attached; they waited less rapidly when cut at the soil, 
the cut surface having been waxed over, and finally the greatest time was 
required to wilt those plants w r hich w T ere left in the soil. 

The data in table IT, trial numbers 1-fi inclusive, indicate that, gen¬ 
erally, the water held in the plant when it reaches the state of permanent 
wilting is greater if the plant has been growing at the higher percentages 
of soil moisture. This seems to occur in spite of the fact that the more 
xeric type of plant w ould tend to retain more bound w 7 ater. 

Wide variations in the rate of waiting of individual plants occurred 
throughout these tests. The differences were least evident in plants re¬ 
moved from the soil and waited without removal of the root system. Where 
the seedlings w r ere cut at the soil surface or in trials in which the plants 
w'ere waited without removal from the soil, different plants showed consid¬ 
erable variation in the rate at wdiich they reached the state of permanent 
wilting. In certain cut plants the time required for wilting w’as 3 or 4 
times the average. Uneven distribution of soil moisture might account for 
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TABLE II 

Moisture content of plants at permanent wilting 


Plants with simple leaves 

| Plants with first compound leaf 

Trial 

NO. 

Soil 

moisture 

Average 

moisture 

CONTENT* 

Trial 

no. 

Soil | 

MOISTURE 

Average 

moisture 

CONTENT* 


per cent. 

per cent. 


per cent. 

per cent. 


56 

735 


56 

759 

1 

40 

743 

7 

50 

585 


20 

704 


49 

688 





13 

740 


42 

997 


53 

01 

L'* 

2 

19 

865 

8 

46 

i 628 


12 

628 

! 

11 

j 605 


52 

1070 

! 

46 

! 628 

3 

42 

1026 

i 9 

43 

i ($3 


13 

728 

I 

41 

Cl 

<5 




I 

17 

620 


1 

53 

926 




4 

28 

829 

10 

54 

655 


15 

742 


12 

575 


49 

943 




5 

24 

771 

11 

51 

680 


13 

731 


44 

5S1 


15 

692 i 

! 



6 

15 

696 





10 

639 





* Each percentage repreHents the average of from 6—9 determinations. 


variations in the wilting rate of plants remaining in the soil but could only 
indirectly affect the rate in cut plants. 

The data of table II illustrate the wide variation in the amount of water 
present in different sets of plants when brought to the state of permanent 
wilting. For example, the figures in trial 1 may be compared with those 
of trial 3, the two groups of plants having been grown under similar soil 
moisture conditions. The two upper soil moistures were sufficiently high 
to give an abundant supply of water to the plants and no great difference 
was apparent in leaf characteristics. Plants grown at the lowest soil mois¬ 
ture, that is, 10 to 20 per cent., were quite different from the others. One 
of the most important causes of the lack of consistency in the data lies in 
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the difficulty of judging the wilting, especially if the plants were brought 
to permanent wilting on different days. 

The per cent, of water present in older plants at the stage of permanent 
wilting is shown in table II, trials 7-11. These plants had developed the 
first compound leaf before they were subjected to the conditions of wilting. 
The data given do not show a consistently lower water content at perma¬ 
nent wilting in the case of the plants grown at a lower soil moisture. The 
youngest compound leaf is always the last to wilt; it is also the most diffi¬ 
cult to detect wilting in due to its size and the presence of a large number 
of epidermal hairs. Since in the seedling stage a new leaf is continually 
developing while the last one is enlarging, the determination of permanent 
wilting is interfered with. 

The determination of the “end point” of permanent wilting is made 
more complex by the fact that single plants which had apparently reached 
permanent wilting would often revive as many as three or four times after 
short exposures to the saturated atmosphere of a moist chamber. In other 
words, in a dry atmosphere the losses of water from the leaves were too 
rapid to be covered by the movement of water from the regions of storage 
in the hypocotyl. Seedlings which were wilted without the removal of the 
roots from the soil and especially those which were cut at the soil surface 
were quite likely to regain the turgor of their leaves if placed in a moist 
chamber. The groups of plants which were removed from the soil without 
mutilation of the root system wdlted more rapidly than did the plants given 
the other treatments; they were also less likely to revive in the moist cham¬ 
ber. The seedlings grown in a dry soil, in many eases failed to revive be¬ 
cause of a low per cent, of stored water. 

The degree of drooping which a leaf displays, such as is characteristic 
of permanent wilting, may be indicative of a fairly narrow range of Avater 
content in the tissues of the leaf blade but it does not tell much with regard 
to the per cent, of water present in other parts of the plant. The more 
nearly permanent the wilting becomes the closer is the approach to a con¬ 
stant and similar water content in all the organs of the plant. It is to be 
expected, therefore, that determinations of leaf moistures at the critical 
point of wilting would be more consistent than would determinations for 
the entire plant. 

Analyses of different regions of the plant gave proof that the hypocotyl 
is an important water storing organ of the bean seedling. Uprooted plants 
were exposed to dry air for 0, 0.5, 1, 2, 3 and 4 hours, then cut into 5-cm. 
sections for the determination of the percentage of water present. Table 
III gives the water content of the root and of the proximal (number 1) and 
successive 5-cm. sections of the shoot. Corresponding sections from two or 
three plants were weighed together in the same weighing bottle. All of 
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TABLE III 

Moisture determinations on 5-cm. sections of seedlings 
Uprooted plants exposed to air for periods indicated 
previous to cutting into sections 


Period 

of 

EXPOSURE 

Section 

of 

PLANT 

Average 

moisture 

CONTENT* 

Period 

of 

EXPOSURE 

Section 

of 

PLANT 

Average 

moisture 

CONTENT* 



per cent. 



per cent. 

None 

Boots 

953 

2 hours 

Boots 

167 


1 

1168 


1 

961 


o 

3018 


2 

1090 


3 

963 


3 

836 


4 

899 


4 

936 


5 

963 


5 

681 


6 

957 




30 min. 

Boots 

577 

3 hours 

Roots 

140 


1 

1205 


3 

999 


o 

| 3085 


o 

1006 


3 

1133 


3 

931 


4 

703 


4 

1018 


5 

798 


5 

802 

1 hour 

Boots 

3 54 ! 

4 hours 

Roots 

122 


1 

1184 f 


1 

1074 


2 

948 ! 


o 

913 


3 

873 


3 

814 


4 

795 


4 



5 

638 


5 

326 


* Each percentage represents the average of 3 determinations. 


the plants used had begun to develop the first compound leaf. The effect 
of different periods of wilting upon uprooted plants is shown in the table. 
The check plants were weighed immediately upon removal from the sand 
culture ; other plants were wilted for the periods shown. 

Beginning at the lower end of the stem a decreasing gradient of the 
water present is apparent in successive regions up the stem. The plants 
which were wilted for two or for three hours give some evidence at least 
that in wilting the root draws upon water present in the hypocotyl. The 
very uppermost leaves are the last to wilt in spite of the fact that the upper 
part of the stem is constantly losing water very rapidly and usually show's 
a low r er water content. 

That the degree of wilting may not necessarily be a criterion of the 
moisture content of the plant is indicated as possible by the data in table 
IV. It is shown that the dry weight per unit of leaf area is distinctly 
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greater for plants grown in the drier soil. The difference is more signifi¬ 
cant in the case of the younger plants with only simple leaves. The greater 
dry weight per unit of area occurs with the development of numerous veins, 
numerous small cells with smaller vacuoles and less water. The increased 
amount of mechanical tissue supporting the leaf blade of the dry soil plant 
made necessary a greater loss of water to produce an equal drooping of the 
leaves. Tumanov ( 11 ) found that leaves acquired a xeromorphic struc¬ 
ture with more mechanical tissue present if the plants were subjected to 
alternate periods of optimal and sub-optimal soil moisture. The data in 
table IV explain in part the correlation between soil moisture and the quan- 


TABLE IV 

Dry weight of leaf tissue per square centimeter of leaf area 


Soil moisture 

Number of 
leaves 

Average weight per sq. 

CM. LEAF AREA 

per cent . 

Simple leaves 

gm . x 10 * 

50 

16 

1628 ± 21.6 

23 

36 

1685 ± 24.8 

19 

8 

2128 ± 61.7 

16 

36 

2196 ± 27.5 

12 

8 

4333 ±. 45.4 


Com pound leaves 


42 

7 

1745 ± 35.9 

22 

4 

1442 ± 44.2 

n 

*> 

2098 ± 28.8 


tity of water present at permanent wilting as given in table II. Thus the 
dry soil plants being slow to show signs of wilting have time to lose consid¬ 
erable stored water before they would be judged as permanently wilted. 

The fact that the leafy top of the seedling depends upon stored water 
in the hypocotyl when the moisture supply from the soil is cut off would 
lead to the conclusion that the critical point is reached in the soil (i.e., ab¬ 
sorption by the root falls to a very low value) some time before wilting is 
evident. Absorption at a low rate is continuous whether the plant is de¬ 
pending upon stored water to maintain leaf turgidity or has become per¬ 
manently wilted. Without a wax seal, evaporation may cause more deple¬ 
tion of the soil moisture and the final result may be that the wilting 
coefficient determined upon the basis of the permanent wilting of the leaves 
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may give a value somewhat lower than the true value for the critical state 
in the soil. Furthermore the plant with a xeromorpliic leaf structure could 
use the soil moisture for a longer time before permanent wilting sets in 
than could a plant grown under more nearly optimal conditions of soil 
moisture. The results of the direct determinations of the wilting coefficient 
(table I) support this view. 

For comparison with the soil cultures, plants were wilted in ivater cul¬ 
tures by transferring plants which had been growing in tap water to solu¬ 
tions of tap water plus various quantities of sodium chloride. Table V 

TABLE Y 

Degree of wilting of seedlings placed in various concentrations of 

SODIUM CHLORIDE SOLUTION. PLANTS WITH SIMPLE LEAVES 




Time of observation 


Sodium chloride 

April 4 
10: 30 

April 5 

30: 00 

April 6 

9 : 00 

April 7 

9: 00 

April 8 

11 : 00 

Moles 

0.07 

0 

0 

o 

* 

0 

0.08 

0 

0 

* 

* 

» 

0.09 

0 

* 

* 


* 

0.10 

o 

* 

* 

* 

* 

0.12 

o 

*** 

*** 


* 

0.14 

O ! 

*** 

* 

*d 

! dead 

0.16 

1 * 

** X 

* * 

*** 


0.18 

* 

O 

*d 

dead 


0.20 

# 

0 

dead 

* < 

“ 

0.22 

* 

, 0 

t ( 

11 

< i 

0.40 

! * 

1 

* * * * 

< ( 

i e 

“ 

Check 

O 

0 

o 

o 

0 

Check 

0 

, o 

o 

0 

0 

Check 

0 

; o 

j 0 

0 

1 ° 


Legend: d = one leaf dead or dying ** = permanently wilted 

* = slightly wilted o = unwilted 

**** = very severely wilted *** = severely wilted 


shows the results with bean seedlings transferred at the stage when two 
simple leaves were expanded. It is evident from the data that a concen¬ 
tration of sodium chloride between 0.07 M. and 0.08 M. representing 2.94- 
3.35 atm. pressure is barely strong enough to reduce the absorption suffi¬ 
ciently to cause wilting. A solution of 3.76-4.15 atm. (0.09 M.-0.10 M.) 
seems to just balance the effective osmotic pressure developed in the roots of 
the plant. The time required to produce wilting varied with the concentra¬ 
tion of the salt solution and the evaporating power of the air. An hour’s ex- 
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posure was sufficient to cause wilting in certain cases. Longer exposures 
did not usually bring about sufficient readjustment in the plant to enable 
it to regain turgidity after it had once wilted. The stronger solutions did 
not always produce wilting, although the leaves of plants in these solutions 
acquired a peculiar color. Such solutions may have been toxic enough to 
injure the limiting membranes of the absorbing cells, enabling the plant to 
absorb the solution of sodium chloride. 

The author wishes to acknowledge his indebtedness to Dr. C. F. Hottes 
for suggesting the problem and for his helpful criticism and advice 
throughout the progress of the work. Also he wishes to thank Dr. A. G. 
Vestal for advice in preparation of the manuscript. 

Summary 

1. The stage of wilting known as permanent wilting is not necessarily 
a criterion of the critical point in soil moisture usually designated as the 
wilting coefficient. 

2. Determinations of the distribution of moisture in the different re¬ 
gions of the bean seedling show that a fairly large proportion of the water 
in the plant is to be found in the lower part of the liypocotyl. In wilting, 
the transpiring leaves draw upon the water in the stem as soon as the sup¬ 
ply from the roots is cut off. 

3. Plants apparently permanently wilted, which had been cut at the soil 
surface, revived as many as 3 or 4 times when tested in the moist chamber. 
The results indicate that in the stages of wilting just preceding permanent 
wilting the plants are using stored water from their own tissues more than 
they are from the soil. Therefore the critical point for soil moisture may 
have been reached some time previous to permanent wilting. 

4. Moisture determinations on numerous bean seedlings at permanent 
wilting indicated that the water content at that stage in wilting is lower 
for plants grown at low soil moistures than for those grown in soils with 
higher moisture contents. 

5. The mechanical tissue per unit of leaf area was found to be greater 
in plants grown in soil at lower moisture contents. Thus leaves from such 
plants have greater mechanical rigidity, and a lowered water content is not 
indicated so quickly by the wilting of the leaf blade. 

6. Water culture plants with roots adapted to tap water were wilted by 
transferring them to tap water to which sodium chloride had been added 
to bring the concentration to an 0.08 M. solution of NaCl (3.35 atm.). A 
0.07 M. solution of NaCl (2.94 atm.) very rarely produced wilting. 
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METHODS OP DETERMINING GLUCOSE AND FRUCTOSE IN 

CORN TISSUES 1 

V. H. Morris and E. F . Wesp 
(with two figures) 

Introduction 

In a series of studies on the physiology of corn, considerable attention 
has been given to the concentration of sugars in the different tissues of the 
plant, especially in relation to seasonal development. In these studies the 
total sugar content was differentiated into free reducing sugars and sucrose. 
It seemed desirable to carry the investigations a step further and determine 
the proportions of glucose and fructose which make up the free reducing 
sugars. Due to the similarity in chemical properties of these two sugars, 
however, procedures have not been standardized for the determination of 
either one of them in the presence of the other and sucrose in plant tissues. 
It consequently was necessary to make a preliminary survey of the avail¬ 
able methods and to work out procedures which might be satisfactory for 
use with samples of corn tissues. 

Three of the general methods which have been used for determining 
glucose and fructose in mixtures of glucose, fructose, and sucrose are: 
(l) the oxidation of glucose in alkaline solution with iodine, (2) the oxida¬ 
tion of fructose with Nyns* solution, a cupro-potassium carbonate solution, 
and (3) the method of analyzing a mixture of three sugars by determining 
the combined reducing power, polarization, and the direct determination 
of sucrose. 

Materials and methods 

In our studies of corn the tissue to be sampled was prepared by passing 
it through a food grinder, and it was desired to develop methods which 
might be applicable to two kinds of sampling. In one, the “Expressed sap 
method,” the sap was expressed from 100 gin. of the ground tissue in a 
laboratory hydraulic press at a pressure of 5000 lb. per sq. in. Fifty-ml. 
aliquots of the sap were preserved by boiling with about 150 ml. of 95 per 
cent, alcohol and then making up to 200 ml. when cooled to room tempera¬ 
ture. From determinations of the weight, total solids content, and specific 
gravity of the sap and the total moisture content of the tissue, the quanti¬ 
ties of sugars found in the sap were calculated to percentages of fresh 
tissue. 

1 Eased on investigations co-operative between the Office of Cereal Crops and Dis¬ 
eases, Bureau of Plant Industry, IT. 8. Department of Agriculture, and the Department 
of Agronomy, Ohio Agricultural Experiment Station. 
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The second kind of sample was obtained by the standard method of 
extracting 50 gm. of the ground tissue with 80 per cent, alcohol in a Soxhlet 
extractor. As the first method is quicker and simpler, the primary purpose 
of the extraction method was to check the accuracy of the expressed sap 
method. 

IODOMETRIC DETERMINATION OF GLUCOSE 

An excellent review of the literature and a critical study of the factors 
involved in the oxidation of aldose sugars, such as glucose, by iodine in 
alkaline solution has been reported recently by Kline and Agree ( 4 ). The 
reaction is usually conceived of as occurring as follows: 

ECHO + SNaOH + I 2 -» BCOONa 4 2Nal 4 2H.0 

Determinations of glucose were made on portions of the same cleared 
aliquots of the alcoholic solutions as were used for determining the reducing 
power by meajns of Folding's solution. In the clearing, 25 ml. of the. 
alcohol-preserved sap sample, or 50 ml. of the alcoholic extract, were 
pipetted into a 100-ml. volumetric flask and the alcohol driven off on a 
steam plate. The syrupy residue was taken up in about 50 ml. of dis¬ 
tilled water. To this, 0.5 ml. of a saturated solution of neutral lead acetate 
was added. The contents of the flask were made up to volume, shaken, and 
filtered through a folded filter. Sufficient potassium oxalate was added to 
precipitate the excess lead and the solution again filtered. It was found 
that any of the solutions which retained some color after undergoing this 
clearing process contained material which was oxidized by iodine, thus in¬ 
troducing considerable error. Such material, however, was found to be 
removed by treating the solution with about 1 gm. of decolorizing carbon 
(Baker and Adamson, Code BA 1551 bought from General Chemical Com¬ 
pany) and filtering again. The effect of decolorizing with carbon on the 
indicated glucose contents of two solutions representing leaf tissues is shown 
in table I. That this effect of the carbon is not due to absorption of glucose 
is shown by the results with a pure glucose solution given in the same table. 

The oxidation of the glucose was carried out as follows: a 25-ml. aliquot 
of the cleared and decolorized sugar solution was pipetted into a 250-ml. 
iodine flask and from 5 to 10 ml. of an approximately N/10 iodine solution 
run in from a burette. The quantity of iodine used depended upon the 
quantity of glucose present, since too great an excess causes over-oxidation. 
Five ml. were used for samples containing up to about 40 mg. of glucose 
(all samples of leaf tissue), and 10 ml. for those containing more (stem, 
tassel, and ear samples). A 10 per cent, sodium carbonate solution was 
added at the rate of 1.5 ml. for each 5 ml. of iodine and the flask placed in 
the dark for 15 minutes. Observations indicated that the oxidation was 



MORRIS AND WESP: METHODS FOR GLUCOSE AND FRUCTOSE 


49 


TABLE I 

Effect of decolorizing cleared solutions on the quantity of iodine used 


Sample 


1. Leaf tissue 


2. Leaf tissue 


3. Glucose solution 


Treatment 

N/I0 I USED 

Glucose 


hi 1 . 

per cent. 

Without carbon 

2.90 

1.97 

Carbon added 

2.10 

3.43 

Without carbon 

3.00 

2.04 

Carbon added 

2.10 

1.43 

Without carbon 

2.5.1 

1.73 

Carbon added 

2.55 

1.73 


probably complete in 5 minutes, but, since there was no evidence of in¬ 
creased oxidation at the end of 15 minutes, that length of time was used 
as being more convenient. About 2 ml. of a freshly prepared starch solu¬ 
tion was added and the excess iodine titrated with N/20 sodium thiosulphate. 
About 0.5 ml. of dilute sulphuric acid was added and the iodine thus re¬ 
leased from combination as hypoiodite or iodate was titrated with the thio¬ 
sulphate. Alternate additions of the dilute sulphuric acid and the N/20 
sodium thiosulphate were made until no more iodine appeared on the addi¬ 
tion of acid. This alternate addition of small quantities of acid and thio¬ 
sulphate is probably much to be preferred to the addition of a rather large 
excess of acid at the start of the titration in working with solutions which 
contain sucrose. Otherwise, hydrolysis of the sucrose by the acid might 
provide glucose which would be immediately oxidized by the iodine present. 

The weight of glucose oxidized by the iodine is calculated on the basis 
that 1 ml. N/20 iodine solution = 0.0045 gm. glucose. 

Determination of fructose by Nyns’ method 
The determination of fructose by the use of Nyns’ solution was carried 
out according to the procedure described by Zerban and Sattler (8). 

Determinations were made on aliquots of the same cleared and decolor¬ 
ized solutions used for the determination of glucose. It was found that the 
decolorizing step, however, was not necessary since the same results were 
obtained with or without the use of carbon. 

To 10 ml. of the cleared solution in a 100-ml. centrifuge tube was added 
10 ml. of distilled water and 50 ml. of Nvns* solution. The mixture was 
kept in a constant temperature water bath at 48.5-49.0° C. for 2.5 hours. 
The tube was then removed and centrifuged for 5 minutes. The super¬ 
natant liquid was carefully poured off, about 15 ml. of distilled water added 
from a wash bottle, and the tube again centrifuged. The supernatant 
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liquid was poured off and the copper oxide determined by dissolving in 
Bertrand's solution (20 per cent, sulphuric solution saturated with ferric 
sulphate) and titrating with N/20 potassium permanganate. 

Although Nyns (5) claimed that when the factors of time, temperature, 
and concentration were closely guarded, the reagent showed a selective 
reactivity towards fructose in the presence of glucose and sucrose, this has 
not been substantiated by later workers, Jackson (3), Sciiuette and Ter¬ 
rill ( 0 ), and Zerban and Sattler ( 8 ). The last workers found, however, 
that with quantities of fructose ranging from 12 to 30 mg., and w T ith about 
an equal quantity of glucose, approximately 13 mg. of glucose were required 
to reduce a quantity of copper equal to that reduced by 1 mg. of fructose. 
Preliminary determinations showed that the percentage of glucose in the 
free reducing sugars of corn tissues ranged from 50 to 70 per cent. The 
fructose-copper equivalents used in this study accordingly were determined 
on solutions containing 60 per cent, glucose and 40 per cent, fructose. The 
fructose-copper values are given in table II. 

TABLE II 

Fructose-copper equivalents of solutions containing, 

IN ADDITION TO THE QUANTITIES OF FRUCTOSE 
STATED, 1.5 TIMES AS MUCH GLUCOSE 


Fructose 

Cu 

mg. 

mg. 

5 

13.6 

30 

32.5 

15 

51.1 

20 

70.5 

25 

88.0 

30 

107.5 

40 

143.5 


It was recognized that for proportions other than those mentioned above 
the quantity of copper reduced by 13 mg. of glucose might vary slightly 
from that reduced, by 1 mg. of fructose. The sugar solutions from the 
samples of corn tissues, however, contained only from 2 to 18 mg. of fruc¬ 
tose in the 10-ml. aliquots used for the fructose determination; hence, it was 
assumed that in solutions with such a limited range in concentration the 
error introduced by variations in this factor would be overshadowed by 
other errors. 

For convenience in calculating results the chart shown as figure 1 was 
prepared. In this chart the abscissae represent the percentages of free 
reducing sugars, and the ordinates represent the milligrams of copper 
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Fig. 1. Chart for calculation of percentage of fructose from determinations of per¬ 
centage of free reducing sugars and milligrams of copper 
reduced from Nyns’ solution. 


reduced from Nyiis’ solution. By projecting the point of intersection of 
ordinate and abscissa for a given sample to the right hand margin, in a 
direction parallel to the sloping lines, the percentage of fructose may be 
read directly. This particular chart, of course, holds good only within 
the limits of the exact conditions used in this study with respect to dilution 
factors, etc. 

Polarization method 

A method of calculating the percentages of glucose, fructose, and sucrose 
in a mixture of the three sugars from determinations of reducing power, 
polarization, and the direct determination of sucrose has been described 
by Browne (1). 

As modified for use with samples of corn tissues the calculation was 
based upon the following determinations: (1) the quantity of free reducing 
sugars by reduction of Fehling’s solution; (2) the quantity of sucrose as 
determined by the additional reducing power after the inversion of sucrose 
with invertase; and (3) the polarization of the sugar solution. 

The free reducing power was calculated as invert sugar and no further 
correction was made for the difference between the reducing ratios of glu¬ 
cose and fructose, since the concentrations of reducing sugars were rela¬ 
tively low and the range in proportions of glucose and fructose rather nar¬ 
row (50 to 70 per cent, glucose). 
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The samples were prepared for polarization in the following manner: 
100 ml. of the alcoholic expressed sap sample or 250 ml. of the alcoholic 
extract were transferred to a beaker and the alcohol driven off on a steam 
plate. The syrupy residue w r as taken into solution and washed into a 
25-ml. volumetric flask with about 20 ml. of distilled water; 0.5 ml. of a 
saturated solution of neutral lead acetate then was added and the contents 
made up to volume and shaken. The solution was filtered through a good 
grade of filter-paper and the clear filtrate polarized in a 200-mm. tube, 
using a Sehmidt-Haensch saccharimeter. The source of light was a micro¬ 
scope lamp containing a 400-watt stereopticon bulb. 

The calculated polarization due to the sucrose present was subtracted 
from the observed polarization, thus giving the polarization due to the 
mixture of glucose and fructose. The proportions of glucose and fructose, 
expressed as percentage of glucose, were then obtained by use of a chart 
such as is illustrated in figure 2. On this chart is represented the rotation 



FCAUtNTAfrK #f met AfOVCIM* IVftARI 


Pig. 2. Chart for calculation of percentage of glucose in free reducing sugars from 
determinations of free reducing sugars and their rotation. 
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in degrees Ventzke of all possible proportions of glucose and fructose in 
sugar solutions containing up to 7 per cent, free reducing sugars, calcu¬ 
lated from their specific polarizations. On this chart the ordinates repre¬ 
sent the rotation in degrees Ventzke due to the free reducing sugars and 
the abscissae represent the percentages of free reducing sugars. At the 
point of intersection of ordinate and abscissa for a given sample the pro¬ 
portion of glucose and fructose was read, expressed as percentage of glucose 
in the free reducing sugars. 

Example. —A sample containing 2.38 per cent, free reducing sugars 
and 6.02 per cent, sucrose was found to have a rotation of + 22.8° V. Since 
the rotation of a 6.02 per cent, sucrose solution is -f 23.1° V., the 2.38 per 
cent, of free reducing sugars has a rotation of -0.3° V. As shown by the 
chart, figure 2, 62.2 per cent, of the free reducing sugars was glucose, and 
therefore the sample contained 1.48 per cent, glucose and 0.90 per cent, 
fructose. 

Analysis of pure sugar solutions 

As a check on the accuracy of the three methods of determining glucose 
and fructose a series of 10 samples containing known quantities of glucose, 
fructose, and sucrose was analyzed by each of the methods. The concen¬ 
trations of sugars in these samples were representative of those actually 
found in samples of corn tissues. The sugars were Pfanstiehl brand pre¬ 
pared by the Special Chemicals Co. 

The samples were prepared in such a way as to simulate the preparation 
of the expressed sap samples previously described. The quantities of 
sugars for each sample were weighed out, placed in 200-ml. graduated pre¬ 
scription bottles, and 50 ml. of distilled water added to dissolve the sugars. 
The bottles were then filled nearly to the 200-ml. mark with 95 per cent, 
alcohol and heated in a water-bath for 30 minutes. After cooling to room 
temperature they were filled to the 200-ml. mark, thoroughly shaken, and 
set aside for analysis. In analyzing these solutions exactly the same pro¬ 
cedures were followed as with the expressed sap samples, including the 
addition of neutral lead acetate and decolorizing carbon. 

The composition of the samples as prepared and found by analysis is 
reported in table III. The determinations made were: reducing sugars 
before and after inversion of sucrose with invertase as measured by reduc¬ 
tion of Fehling’s solution; glucose by the iodine method; fructose by Nyns’ 
solution; and the proportion of glucose and fructose by the polarization 
method, the results of the last determination being reported as glucose. 

The mean quantity of glucose present in the samples was 1.71 per cent, 
while that indicated by the iodine method was 1.735 and by the polarimeter 
method was 1.728. The average quantity of fructose indicated was 1.15 
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TABLE III 


Composition (grams per 100 ml.) or prepared solutions or pure sugars 




Composition op samples 



As FOUND BY THE METHOD OF ANALYSIS INDICATED 

Sample 

AS PREPARED 

Glucose 

Fructose 

Fehling j s solution 






Free 










Iodine 

Polarization 

Nyns' 

reducing 

SUGARS 

Sucrose 

no. 


gm. 

gm. 

gm. 

gm. 

gn »• 

1 

Glucose 0.60 
Fructose 0.40 
Sucrose 0.50 

0.57 

0.60 

0.42 

1.01 

0.54 

2 

Glucose 1.20 
Fructose 0.80 
Sucrose 0.50 

1.20 

1.20 

0.78 

1.97 

0.51 

3 

Glucose 1.20 
Fructose 0.80 
Sucrose 1.50 

1.19 

1.17 

0.80 

1.97 

1.58 

4 

Glucose 1.50 
Fructose 1.00 
Sucrose 0.50 

1.58 

1.52 

0.96 

2.45 

0.54 

5 

Glucose 1.50 
Fructose 1.00 
Sucrose 1.00 

1.55 

1.49 

0.98 

2.47 

1.05 

6 

Glucose 1.50 
Fructose 1.00 
Sucrose 2.00 

1.54 

1.49 

1.01 

2.47 

2.03 

7 

Glucose 1.80 
Fructose 1.20 
Sucrose 1.00 

1.88 

1.80 

1.23 

2.95 

1.08 

8 

Glucose 2.40 
Fructose 1.60 
Sucrose 6.50 

2.38 

2.55 

1.66 

4.06 

6.34 

9 

Glucose 2.70 
Fructose 1.80 
Sucrose *2.50 

2.70 

2.70 

1.78 

4.39 

2.49 

10 

Glucose 2.70 
Fructose 1.80 
Sucrose 5.00 

2.76 

2.76 

1.84 

4.47 

4.97 


Mean 

Glucose 1.71 
Fructose 1.14 

1.735 

1.728 

1.15 
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per cent, whereas the samples actually contained 1.14 per cent. This close 
agreement, both as to means and individual samples obtained under the 
conditions of the experiment, indicated that all three methods might be 
expected to give results well within the limits of accuracy desirable with 
samples of corn tissues. 

Comparison of methods with corn tissues 

The three methods were compared on corn tissues during the season of 
1930. The variety of corn used was Burr-Learning, a double cross. For 
convenience in sampling, the plant was divided into leaves and stem, and 
w r hen the plants attained a height of approximately 120 cm. the stem was 
divided into upper, middle, and lower parts. 

The sugar content of the samples ranged from leaf tissues containing 
0.9 per cent, to stem tissues containing 5.5 per cent. 

Expressed sap and alcoholic extraction samples as previously described 
w r ere used. The results obtained by each of the methods w r ere expressed as 
percentages of glucose on a fresh weight basis. In the case of Nyns’ method 
the data were calculated to this basis by subtracting the quantity of fruc¬ 
tose found from the free reducing sugars, the difference being regarded 
as glucose. 

Single determinations were made on each of the duplicate samples taken 
from each lot of corn tissue. This naturally tended to make the differences 
between the comparable values relatively large since they reflect not only 
the variation due to analytic technic but also that due to sampling. The 
dependability of the averages representing the corn w r as increased by this 
procedure. 

Results 

The three methods were compared with regard to: (1) agreement in 
determining the mean glucose content of all samples; (2) agreement in 
determining the glucose content of different kinds of tissue in varying 
stages of development; and (3) the relative precision of the different meth¬ 
ods in determining the glucose in duplicate samples. 

Expressed sap samples 

The percentages of glucose in samples of expressed sap as determined 
by the different methods are showm in table IV. The mean of the 30 sam¬ 
ples was 1.767 per cent, for the iodine method, 1.780 per cent, for Nyns’ 
method, and 1.919 per cent, for the polarization method. The significance 
of the differences among these means was tested, using Fisher’s (2) 

formula, t= x and the probability tables given by Student (7). 

Although the difference between means based on the iodine and Nyns’ 
methods was only 0.013 per cent, and well might be due to chance, the odds 
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being* 3:1, the odds were infinite against random differences as large as 
those between the means determined by the polarization method on the one 
hand and those determined by the iodine method and Nyns’ method on the 
other. 

The product moment coefficients of correlation for glucose content in the 
different samples were: for the iodine and Nyns* methods, 0.984 dt 0.004; 
for the iodine and polarization methods, 0.980 rfc 0.005; and for the Nyns* 
and polarization methods, 0.991 dr 0.002. 

I Ld 2 

The standard error of a single result, \H -rrr—rr is used to measure 

9 \ (m-1) (n-1) 

the precision of the different methods. In this formula Zd 2 indicates the 
sum of the squared deviations of the duplicates from their mean for each 
of the n (=30) samples and m is the number in the group, here the two of 
each pair. The standard errors were 0.060, 0.069, and 0.053 for the iodine, 
Nyn.s’, and polarization methods, respectively. 

It may be concluded from this comparison of the three methods as ap¬ 
plied to expressed sap samples that the correlation is high enough to show 
conclusively that the methods could be used interchangeably for determin¬ 
ing variations due to kind and stage of development of tissues; further¬ 
more, the precision of each of the methods was satisfactory inasmuch as all 
the errors are less than four per cent, of the total glucose content. On the 
other hand, the results obtained by the polarization method were signifi¬ 
cantly higher than those by the iodine and Nyns' method, the latter two 
being in good agreement. 

Alcoholic extraction samples 

The applicability of the three methods to alcoholic extraction samples 
was determined on 13 samples of the series. The percentages of glucose 
by the different methods are included in table IV. 

The means for the 13 samples were: 1.506 per cent, for the iodine 
method, 1.534 per cent, for Nyns’ method, and 1.619 per cent, for the polar¬ 
ization method. The odds were 20: 1 and 90:1 against random differences 
as large as those between the means for the polarization method on the one 
hand and the iodine method and Nyns’ method on the other. The differ¬ 
ence between the means for the iodine and Nyns ? methods was 0.028 with 
odds of only 2:1 against random differences this large. In the alcoholic 
extraction samples the product moment coefficients of correlation for the 
Nyns , method with the iodine and the polarization methods were both 
0.986 zfc 0.005. That for determinations by the polarization and iodine 
methods was 0.959 it 0.015. The standard errors were 0.061, 0.051, and 
0.062 for the iodine, Nyns ’ and polarization methods, respectively. 

The same general conclusions may be drawn from this comparison of 
the three methods applied to alcoholic extraction samples as were arrived 
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at with expressed sap samples; namely, that while the methods can be used 
interchangeably for determining variations due to kind and stage of devel¬ 
opment of corn tissues and also are satisfactory from the point of view of 
precision, the mean of the results obtained by the polarization method is 
significantly higher than those based on the iodine and Nyns* methods, the 
latter two being in good agreement. 

Comparison of analyses of expressed sap and alcoholic 

EXTRACTION SAMPLES 

With both kinds of samples the polarization method gave a mean glu¬ 
cose content which was significantly higher than those by the iodine and 
Nyns* methods; all three methods agreed reasonably with respect to the 
variation in samples due to differences in kind of tissue or seasonal devel¬ 
opment and also with respect to the precision in determining the glucose 
content in duplicate samples. Since the alcoholic extraction samples were 
primarily to check the accuracy of the results obtained by analyzing the 
expressed sap and then calculating the glucose content of the original tis¬ 
sue, it seemed desirable to make a direct comparison of the analyses of the 
13 comparable lots of tissue for which data on both kinds of samples were 
available. 

There were no important differences between the means for any method 
in the two kinds of samples. Such differences as there were w^ell might 
have been due to chance, the odds not exceeding 4:1 in any comparison. 

The product moment coefficients of correlation for glucose content in 
the two kinds of samples ranged from 0.984 to 0.99G. These high correla¬ 
tions in connection w T ith the close agreement of mean values are sufficient 
evidence that expressed sap samples may be used in place of alcoholic ex¬ 
traction samples without error. 

Determination of free reducing sugars 

The determinations of glucose by oxidation with iodine and of fructose 
with Nyns* solution appear to give reliable results. These methods then 
might well replace the usual determination of free reducing sugars with 
Fehling’s solution in some investigations. 

To test this possibility, the determinations of free reducing sugars with 
Fehling’s solution in the series of 30 expressed sap samples were compared 
with the sum of glucose by the iodine method and fructose by Nyns’ 
method. The data are given in table V. 

The mean of the 30 samples was 3.140 per cent, as determined with 
Fehling’s solution and 3.127 per cent, for the sum of glucose and fructose. 
The difference is only 0.013, and no larger than might be expected from 
random sampling in one out of every 4 trials. 
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TABLE V 

Free reducing sugar content of expressed sap from corn tissue samples 
AS DETERMINED BY TWO METHODS 


Date of 

SAMPLING 

Tissue 

Fehlino 's 
solution 

Glucose, iodine 
+ 

fructose, Nyns 

July 7 

Leaves 

per cent . 

0.920 

per cent . 

1.045 


Stems . . 

2.170 

2.210 

14 . . 

Leaves .. .. 

1.135 

1.335 


Stems 

3.380 

3.380 

22 

Leaves 

1.525 

1.565 


Stems 

3.875 

3.835 

29 

Leaves . . 

1.560 

1.450 


Upper stems 

5.300 

5.115 


Lower stems 

4.735 

4.480 

Aug. 5 

Leaves 

1.955 

1.960 


Upper stems 

5.575 

5.490 


Middle stems 

4.590 

4.480 


Lower stems 

4.310 

4.285 

11 

Leaves 

1.865 

1.890 


Slienths 

4.025 

4.065 


Upper steins 

5.220 

5.010 


Middle stems 

4.650 

4.505 


Lower stems 

3.880 

3.875 

18 

Leu ves 

2.170 

2.310 


Upper stems 

4.125 

4.200 


Middle stems 

3.615 

3.710 


Lower stems 

3.500 

3.610 

23 

Leaves 

1.375 

1.460 


Upper stems 

3.255 

3.585 


Middle stems 

3.385 

3.175 


Lower stems 

3.610 

3.485 

Sept. 8 

Leaves 

1.880 

1.785 


Upper stems 

2.390 

2.235 


Middle stems 

2.030 

2.015 


Lower stems 

2.190 

2.250 


Mean 

3.140 

3.127 


There is a high correlation for the free reducing sugar contents as de¬ 
termined by the two methods (r = 0.997). These methods of determining 
total free reducing sugars accordingly are in excellent agreement in all 
ways. 

Discussion 

In the comparison of the three methods of determining glucose in the 
expressed sap and alcoholic extraction samples of corn tissues used in this 
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study it was shown that the polarization method gave results which were 
significantly higher than those obtained by either the iodine or Nyns’ 
method. All attempts to discover the reason for this discrepancy have 
failed. The most likely source of error first appeared to be that occasioned 
by the defecation of materials with neutral lead acetate in the 25-ml. volu¬ 
metric flask. The sugar concentration of the solution presumably is in¬ 
creased in direct proportion to the volume occupied by this precipitate. 
Moreover, as would be expected, the tendency of the polarization method 
to give higher results was not observed in measuring the recovery of pure 
sugars from solutions of known concentration. On the other hand, it 
would be expected that this tendency toward higher values would be most 
marked with those solutions which contained the largest quantities of pre- 
cipitable material; namely, those representing leaf tissues. The data in 
table I, however, do not seem to substantiate this idea. Instead, those solu¬ 
tions having the higher percentages of sugars, the stem samples, are the 
ones which show the greatest discrepancies. 

Polarization has the advantage of simplicity in technique and may well 
serve in preliminary studies. Moreover, the error obtained in the use of 
this method is not large, the difference between the means by polarization 
and the iodine methods being 0.142 per cent, and that between polarization 
and Nyns’ 0.139 per cent, on a fresh weight basis, differences of less than 
8 per cent, of the total glucose. The largest individual difference, that of 
0.445 per cent., was found between the polarization and iodine methods on 
August 25 in middle stem tissue, containing about 2 per cent, of glucose. 

The chief disadvantages of polarization are: (1) the large quantity of 
extract necessary to get a sufficient concentration of sugar for a saccha- 
rimeter reading; and (2) some extracts, particularly of leaf tissues, are so 
highly colored after clearing that it is extremely difficult to obtain readings 
with the saccharimeter even with a powerful source of light. 

The oxidation of glucose by iodine is undoubtedly the most sensitive and 
rapid method of the three compared. Since iodine is readily absorbed or 
reduced by many materials contained in plant extracts, however, unusual 
care must be taken in the clearing and decolorizing processes. Also, the 
quantity of iodine solution used must be carefully regulated since too great 
an excess causes over-oxidation and with an insufficient excess there 
is under-oxidation. 

The method of Nyns is much less sensitive than the iodine method and 
the conditions under which the oxidation is carried out fit the method well 
to routine analysis. Furthermore, the apparatus and most of the reagents 
required are those also used in the determination of reducing power by 
Fehling’s solution. The most serious objection to the method is that the 
reagent is not selective for fructose, but also oxidizes glucose, making the 
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calculation quite complicated. It would seem, however, that this method 
will be most valuable when used with samples, such as apple tissue in which 
fructose is the predominating free reducing sugar. Moreover, the results 
obtained in this study indicate that with the relatively small quantities of 
sugar found in most plant tissues, and with a rather constant glucose-fruc¬ 
tose ratio, the calculation need not be so complicated in arriving at analy¬ 
ses which are within the range of experimental error of such materials. 

Summary 

1. With pure sugar samples all three methods gave results which were 
w r ell within the limit of accuracy desired for use with samples of corn 
tissues. 

2. The iodine and Nyns’ methods gave values for glucose which vrere in 
excellent agreement in every way when used with expressed sap and alco¬ 
holic extraction samples. 

3. The results obtained by the polarization method with the corn sam¬ 
ples were consistently higher, the mean values being about 8 per cent, 
higher. The precision of the method, however, was equal to the other two 
and probably has some value in preliminary studies. 

4. Either expressed sap or alcoholic extraction samples could be used 
equally well with all three methods. 

3. Free reducing sugars may be determined from the sum of glucose by 
iodine and fructose by Nyiis’ methods with the same degree of accuracy as 
directly by the reducing power with Feliling’s solution. 

The authors wish to express their indebtedness to Mr. F. D. Riciiey, 
Office of Cereal Crops and Diseases, Bureau of Plant Industry, for sugges¬ 
tions and criticisms during the course of this investigation and the prep¬ 
aration of the manuscript. 

Ohio Agricultural Experiment Station, 

Wooster, Ohio. 
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INVESTIGATIONS OF THE HARDINESS OF PLANTS BY 
MEASUREMENT OF ELECTRICAL CONDUCTIVITY 1 

8. T. Dexter, W. E. Tottingham, and L . F . Gbaber 

In a preliminary report, Dexter, Tottingham and Graber (3) have 
described a method of estimating the hardiness of plants as applied to three 
varieties of alfalfa, in which exosmosis of electrolytes from suitably frozen 
tissue into distilled water is determined electrometrically, and the magni¬ 
tude of the electrical conductivity associated with the known hardiness of 
the samples. They found a progressive hardening of Grimm alfalfa, a 
hardy variety, as the winter season approached, and little or no harden¬ 
ing in a very tender strain, Hairy Peruvian. Utah Common alfalfa was 
intermediate in response. 

The principle of increased permeability and electrical conductivity of 
injured tissue is a familiar one in plant physiology, 'while the method of 
electrical conductance as a measure of changing electrolyte concentration 
has been more or less standard for many years. (See Osterhout (16) ; 
Dixon and Atkins (4); Hoagland and Davis (9); Hibbard and Miller 
(6); Hotter and Huelsen (10); Pantanelli (17); Merrill (13); Stiles 
and Jorgenson (21).) In the papers listed above the principle has been 
applied to injuries resulting from freezing, from the action of various 
chemicals, from pathological causes, and from mechanical rupture. 

In view of the fact that the chemical and physical theories of winter¬ 
hardiness of plants have been amply discussed in recent publications, and 
since the bibliography has been so fully covered there, the consideration 
of this phase of the problem will be dismissed by reference to several papers 
which furnish suggestive discussions and inclusive citations of the litera¬ 
ture. Maximow (12) has reviewed the various physical and chemical 
studies of the hardiness problem in which compositional or osmotic and 
colloidal properties of plants are shown to be associated with hardiness. 
He cites, as well, numerous recent investigations in which growth recovery 
from controlled freezing treatment is used to estimate the degree of hardi¬ 
ness. Newton (16), Weimer (22), Steinmetz (20), Rosa (18) and 
Chandler (2) present excellent discussions, full bibliographies and addi¬ 
tional data in regard to several chemical and physical methods of investi¬ 
gating the hardiness of plants. It may be stated briefly that most, if not 
all, of the theories of winter-hardiness are built around the idea of the 
water-relations of the plant, and that structural, osmotic or colloidal pro- 

i Contribution from the departments of Agronomy and Agricultural Chemistry, 
University of Wisconsin, Madison, Wis. Published with the approval of Director. 
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tection from water-withdrawal, or ice-formation form the basis of explana¬ 
tion for individual or varietal differences in hardiness. 

The positive recognition of hardiness in plants, and the practical esti¬ 
mation of the degree of injury from freezing are matters which do not 
seem to have been adequately considered, nor have the various studies 
furnished convenient means for their accomplishment. Maximow (12) in 
concluding his review of the various methods previously put forth states 
“we may observe that, notwithstanding a series of successful attainments, 
the study of the internal factors conditioning hardiness has not yet estab¬ 
lished any reliable and easily determinable symptoms for use in breeding 
work. For this reason, refrigerating machines—are being more and more 
used for the acceleration of the breeding of frost resistant varieties.” 
Thus, the recent work of Steinmetz (20), Weimer (22), Martin (11), 
Steinbatjer (19), Brierley and Hildreth (1), Hill and Salmon (8), 
Harvey (5) and others shows that varieties of alfalfa, w r heat, red clover, 
apples and other plants can be distinguished from one another on a hardi¬ 
ness basis when suitably frozen after a period of hardening. In these ex¬ 
periments, the injury to the tissue exposed to cold temperatures is estimated 
by the degree of growth recovery or by microscopic observation. 

The work of Dexter, Tottingham and Graber (3) has indicated that 
injury from controlled freezing treatments may be conveniently determined 
by measurement of the degree of exosmosis of electrolytes and that alfalfa 
varieties so examined fall into the proper order of hardiness. It is true 
that such measurements have not yet been adequately related to the rate 
or degree of recovery from freezing injury, but specific determination of 
injury in itself is an important step in a critical study of hardiness and 
its related problems. 

The rapidity with which the estimation of injury can be accomplished 
and the convenience of the precise numerical values obtained by electrical 
conductance, makes the application of the method to plants other than 
alfalfa a matter of some interest. Moreover, as suggested above, a modifi¬ 
cation of the method might well be devised in which conductivity measure¬ 
ments of the tissues themselve s would be made, subsequent to freezing in¬ 
jury, since increased conductivity might be anticipated in the injured 
tissues. To these ends, a series of experiments has been performed, in¬ 
vestigating some important aspects of the hardiness problem as related to 
several crops under various environments. 

Investigations 

Condition of the roots in the field in winter 

In order to investigate the condition of alfalfa roots in the field in win¬ 
ter, samples of roots were dug from the deeply frozen ground on January 
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10, 1930. These roots were two years old, from plats which had received 
but two cuttings in the summer of 1929. Twenty-gram samples of roots 
were prepared in the usual manner (see Dexter, et al . (3) for details) and 
without further freezing treatment beyond that received in the field, were 
exposed to exosmosis into 50 cc. of water at 25° C. for ten hours. Table I 
gives the results of this trial. 

TABLE I 

Specific conductivity (x 10®, 25° C.), expressed in reciprocal ohms, of water 

EXTRACT FROM ALFALFA ROOTS FROZEN ONLY IN THE FIELD. AN INTERVAL 
OF TEN HOURS WAS ALLOWED FOR EXOSMOSIS AT 25° C. 


Variety 

• 

Specific conductivity 

Grimm 


360 

Utah Common . . . 


634 

Hairy Peruvian . . 


1690 


These data give definite evidence of severe field injury in the case of Hairy 
Peruvian, considerable injury in the case of Utah Common and but very 
little injury in the case of Grimm alfalfa. Conductivity of checks, in the 
fall, on unfrozen tissue approximated 200. Field counts in the following 
spring indicated almost complete loss of plants in the Hairy Peruvian plats, 
about 50 per cent, loss in the Utah Common plats, and under 10 per cent, 
loss in the Grimm plats. 

A similar experiment on the same date with three varieties of winter 
wheat in dicated precisely the same condition. The magnitudes of the elec¬ 
trical conductivity values and hardiness were correlated with larger exos¬ 
mosis from the tenderer strains. From a ten-gram sample of crowns, exos¬ 
mosis for seven hours into 40 cc. of water gave specific electrical conduc¬ 
tivities (x 10 f$ ) of 423 for Wisconsin Pedigree no. 2 wheat, 478 for Michigan 
Amber wheat and 558 for Dawson wheat. These values are quite in accord 
with the order of hardiness of these varieties as determined by field trials 
at the Wisconsin Experiment Station. 

Experiments on grains grown in the greenhouse 

To continue the work throughout the winter, several varieties of small 
grains were planted in beds and in wooden flats in the greenhouse on Jan. 
27, 1930. The temperature of the greenhouse varied considerably and 
rarely reached a temperature as low as 60° F. during the first few weeks. 
Preliminary studies indicated very marked hardening effects in these green¬ 
house plants, with much lower exosmosis and electrical conductivity from 
frozen wheat crowns which had been previously exposed for a few hours 
to temperatures approximating 35° F. 




66 


PLANT PHYSIOLOGY 


Consequently a series of experiments was run to test several varieties 
in respect to hardening in a more extensive way. Samples were prepared, 
on each date, by removing the roots and a portion of the leaves from the 
individual plants leaving a clean, etiolated crown about an inch long. 
From such material, without washing, 2.5 gm. samples were secured, placed 
in Pyrex tubes and frozen in an air chamber at - 9° C. for 1.5 hr. After 
thawing at room temperature, 20 cc. of distilled water were added to each 
tube and exosmosis permitted to proceed at 25° C. for 10 hr. before con¬ 
ductivity measurements were made. Samples were first taken on March 7 
from the greenhouse maintained at approximately 60° F. and subjected 
to the freezing-exosmosis treatment described. The house was then cooled 
as much as the prevailing weather would permit. It rarely reached a tem¬ 
perature below 50° F. although on two successive days the house was cooled 
to below 40° F. for a few hours. On these two cooler days, flats contain¬ 
ing lumps of soil in which the wheat was growing were placed outside for 
an additional hardening treatment at a temperature of about 32° F. Sam¬ 
ples were prepared from the greenhouse material and from the outside plats 
on March 15. Table II presents the data for the three hardening treat¬ 
ments. The first treatment represents, roughly, wdieat grown for six w 7 eeks 
in a 60° F. house; the second, wheat w 7 ith an additional week in a 45° F. 
house; and the third treatment, wheat w'ith a further additional harden¬ 
ing of 12 or 15 hr. at a temperature approximating 32° F. 

TABLE II 

Specific conductivities (xlO 8 , 25° C.), expressed in reciprocal ohms, of water 

EXTRACTS OF CROWNS OF SEVERAL VARIETIES OF WHEAT AND RYE FROZEN AT 
-9° c. FOR 1.5 HOURS. An INTERVAL OF TEN HOURS 
WAS ALLOWED FOR EXOSMOSIS AT 25° C. 


Variety 

Unfrozen tis¬ 
sue from 

second harden¬ 
ing treatment 
(March 15) 

Frozen after hardening 

TREATMENT 

First 
(60° F.) 
(March 7) 

Second 
(45° F.) 
(March 15) 

Third 
(32° F.) 
(March 15) 

Wheat 





Wisconsin Pedigree no. 2 

141 

1764 

020 

726 

Ashkoff . 

164 

1123 

987 

747 

Gladden . 

154 

1362 

765 

774 

Honor . 

86 

1630 

765 

695 

Marquis . 

305 

2355 



Progress . 

324 

2415 



Mye 





Wisconsin Pedigree no. 2 

168 

882 



Spring rye . 

303 

2155 ; 

! 
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That hardening occurred in these winter wheats as the temperature was 
lowered is clearly shown. However, no definite correlation of freezing in¬ 
jury and electrical conductivity with varietal hardiness is evident at any 
stage of this hardening treatment. It is very apparent from the figures 
given that the hardening process was by no means complete. From data 
obtained at a later date from field plats (see table V) this hardening treat¬ 
ment would appear to be insufficient to develop the characteristic varietal 
differences in hardiness which occur in the field under normal fall and 
winter environment. It is interesting to observe that, although the hardy 
types, Wisconsin Pedigree no. 2 wheat and Ashkoff wheat, had assumed 
a very recumbent type of growth, they were in an unhardened condition 
on March 7 and were very sensitive to freezing. The very high values for 
conductivity wdiich are found with the unfrozen tissues of spring grains 
are of interest and are due perhaps to the very succulent type of tissue 
produced under greenhouse conditions. 

Chloride tests on the exudates from the wheat crowns gave values vary¬ 
ing in a manner comparable to the conductivity values, and could be used 
to distinguish, at least roughly, the hardened from the unhardened tissues. 

Further studies of the hardiness of alfalfa in the autumn of 1930 

On June 27, 1930, several additional varieties of alfalfa were seeded in 
rows and in field plats for study the following season. In the continua¬ 
tion of the work with alfalfa, several modifications of the procedure seemed 
necessary and desirable. The June seedlings were of such a size that no 
attempt was made to have equal numbers of plants in the twenty-gram 
samples from the various varieties. From the row cultures it w r as impos¬ 
sible to obtain strictly comparable samples. Poor stands in some of the 
rows and excessive crowding in others gave roots and plants of widely 
divergent sizes and development. To the contrary, samples from the field 
plats were comparable, and gave satisfactory checks on duplicates. In the 
plats used in 1929 (now three years old) winter-killing and insect-injury 
of the roots made sampling somewhat difficult. No attempt was made to 
use eight roots in samples weighing twenty grams, as in 1929 (See Dexter 
et al. (3), but the samples consisted, in 1930, of twenty gm. of representative 
root tissue without reference to the number of roots. 

Additional low temperature facilities in 1930 permitted the use of a 
freezing chamber (7 cu. ft.) stirred with an electric fan, and, on occasion, 
of a large liquid bath. Either of these could be held at the desired tem¬ 
perature by thermostatic controls. The tissues were permitted to thaw by 
immersion of the tubes in an ice-w r ater bath. After an hour or twro, water 
at 0° C. was added to the tubes and exosmosis was permitted to continue 
for a period of twenty hours at this temperature, when electrical conduc- 
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tivities were determined. Exosmosis is somewhat less complete in this 
method than in the method used in 1929 (10 hours at 25° C.) but there is 
obviously less opportunity for complicating fermentations. In addition, the 
values given, being specific conductivities at 0° C. rather than at 25° C., 
must be multiplied by a constant (about 1.82) if they are to be compared 
with the previous figures. However, among themselves they are entirely 
comparable. 

A series of row cultures of ten hardy strains introduced by H. L. West- 
over, of the U. S. Department of Agriculture, was examined throughout the 
season. These varieties might be classed as Turkestan since they were 
selected in various parts of that area. All of these varieties were of a more 
qr less dormant type. Every variety showed the same hardening effect that 
was reported in 1929, although some reached much lower values than others. 
Prom original conductance of approximately 750 for all varieties on October 
1, final values of from 286 to 466 were reached on December 5. The va¬ 
rieties w r ere rather uniform in hardiness on December 5, except for two or 
three varieties from the Khiva district which were hardier than the rest, as 
anticipated by Westover. Since the varieties are unnamed, no value can 
be gained in this paper by enumerating the many conductivities taken on 
the various dates throughout the fall. 

Another series of hardy varieties, in field plats, vrere compared as shown 
in table III. Several tender varieties are included for comparison. The 
data in this table indicate wide differences in hardiness between the very 

TABLE III 

Specific conductivities (x 10*, 0° C.), expressed in reciprocal ohms, of water ex¬ 
tracts OF ALFALFA ROOTS FROZEN 4 HOURS IN A LIQUID BATH AT - 10° C. TlIE ROOTS 

WERE DUG ON DEC. 10, 1930, FROM SLIGHTLY FROZEN GROUND. An INTERVAL OF 
20 HOURS WAS ALLOWED FOR EXOSMOSIS AT 0° C. 


Variety 

Age of plants 

Specific conductivity 

Canadian Variegated . 

Seedling 5 

mos. 

377 

Grimm . 

Seedling 

t < 

384 

Ladak. . 

Seedling 

< t 

322 

Hardistan . 

Seedling 

11 

281 

Turkestan . * 

Seedling 

t ( 

364 

Cossack . 

Seedling 

(t 

384 

Hairy Peruvian (row). 

Seedling 

t ( 

593 

Hairy Peruvian (plat) . 

Three years 

513 

Argentine <row\ . 

Seedlinsf 5 

mos. 

546 


dormant types, as Hardistan or Ladak, and the vegetative types such as 
Hairy Peruvian and Argentine. Duplicate samples from the field plats 
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gave good check values for conductivity whereas the row cultures are some¬ 
times uncertain in this respect. 

Application of the test to red clover varieties 

On December 9, red clover roots were dug from field plats which had 
been planted with barley as a nurse crop the preceding spring. The samples 
were prepared in the usual manner, using twenty-gram samples from the 
thoroughly washed and surface-dried roots. These samples were placed in 
Pyrex tubes, frozen four hours in a liquid bath at -10° C. and thawed at 
0° C. in ice-water. Exosmosis into 50 cc. of water at 0° C. was permitted 
to continue for 20 hours. Table IV indicates that a difference in hardiness 
existed between the Wisconsin strain grown in this state for fifty years, 
a variety from Missouri, and one imported from Italy. These results show 
that this test will differentiate the hardiness of roots of these three varieties 
of red clover. 

TABLE IV 

Specific conductivities (x 10 6 , 0° C.), expressed in reciprocal ohms, of water ex¬ 
tracts OF CLOVER ROOTS FROZEN 4 HOURS IN A LIQUID BATH AT -30° C. THE 
roots were dug on Dec. 9, 1930, from slightly frozen ground. An 
INTERVAL OF 20 HOURS WAS ALLOWED FOR EXOSMOSIS AT 0° C. 


Variety 

Specific conductivity 

Wisconsin 

730 

Missouri 

900 

Italy .... 

3171 


Application of the test to winter-wheat sown in field plats 

AT THE USUAL RATE PER ACRE 

Samples were prepared in the manner previously described, from plants 
dug from field plats of wheat on three dates in the fall. The samples con¬ 
sisted of 100 gm. of crowns. These were frozen on open screens in front 
of an electric fan in the freezing chamber. They were thawed in beakers 
immersed in ice-water. After thawing, the samples were placed in flasks, 
to which 750 cc. of water at 0° C. were added. Exosmosis was allowed to 
proceed for 16 hours at 0° C. Table V presents the results of these trials. 
In this table it should be noted that the freezing treatment was made more 
severe on December 6 than on the previous dates, since pronounced harden¬ 
ing had by this time rendered the plants of the hardier varieties unsuscep¬ 
tible to the milder freezing treatment. The table indicates the same ten¬ 
dency that has been described before. Following the hardening process 
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TABLE V 

Specific conductivities (xlO*, 0° C.), expressed in reciprocal ohms, op water ex¬ 
tracts op winter wheat crowns frozen as indicated. An interval of 

16 HOURS WAS ALLOWED TOR EXOSMOSIS AT 0° C. 


Variety 

Freezing treatment on date specified 

Oct. 25 

Nov. 7 

Dec. 6 

- 10° O. 2 HOURS 

- 10° C. 2 HOURS 

- 20° C. 2 HOURS 

Minhardi . 

725 

243 

338 

Wisconsin Pedigree no. 2 

707 

309 

540 

Trumbull 

767 

527 

684 


which occurred with cold weather, lower values of electrical conductance 
are found in exudates from the frozen tissues of varieties known to be hardy 
than from similar frozen tissues of tenderer strains, where greater injury 
from freezing occurred. In this particular case, Minhardi, a very frost- 
resistant wheat, is shown to be hardier than Wisconsin Pedigree no. 2 (a 
Turkey selection) which in turn is hardier than Trumbull. 

Experiments with other small grains 

Several varieties of rye, oats and barley, planted in rows gave results 
of a very similar nature. Table VI gives an excerpt from abundant data 
on several dates during the fall. The table shows the considerable degree 
of difference of the various varieties of rye to withstand severe freezing 
after all varieties had been exposed to snow and cold weather in the field. 
The winter and spring varieties of grain were clearly differentiated by a 
suitable freezing treatment at -5° C., while at -10° C. both were so severely 
injured that the difference is much less marked. On Oct. 15, very hardy 
varieties of winter wheat or rye were nearly as much injured at -5° C. as 
at —10° C. On the contrary, the southern winter varieties had hardened 
in the warm fall weather to such an extent that they were not damaged to 
any great degreje at -5° C. but were very severely hurt by the more severe 
freezing treatment. There seems, therefore, to be a decided tendency for 
the southern w r inter varieties to harden in milder weather than the very 
hardy northern strains. An unusually warm period in November brought 
out the further fact that, w T ith the exception of Minhardi winter wheat, all 
the ten varieties examined, showed rather definite breaking of the hardened 
condition with the elevated temperature, and greater injury from freezing 
following this period. 
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TABLE VI 

Specific conductivities (xlO 6 , 0° C.), expressed in reciprocal ohms, of water ex¬ 
tracts OF SMALL GRAIN CROWNS, FROZEN AS INDICATED. An INTERVAL OF 
16 HOURS WAS ALLOWED FOR EXOSMOSIS FROM A 2-GRAM SAMPLE 
INTO 15 CC. OF DISTILLED WATER AT 0° C. 


Variety 

Date 

Freezing 

TREATMENT 

Specific 

CONDUCTIVITY 

Bye 

Wisconsin Pedigree no. 2 winter rye 

Nov. 29 

2 hours -20° C. 

626 

Abruzzi winter rye. 

( t 

< 1 

769 

Italian winter rye . 

< ( 

< * 

898 

Spring rye ... 

i ( 

l c 

1024 

Oats 




Red rust proof winter oats 

Oct. 15 

2 hours -5° C. 

333 

Wisconsin Pedigree no. 7 spring oats 

t < 

t i 

665 

Red rust proof winter oats 

Oct. 15 

2 hours-10° C. | 

907 

Wisconsin Pedigree no. 7 spring oats 

< ( 

< i 

925 

Barley 

Union winter barley 

Oct. 15 

2 hours -5° 0. 

, 312 

Wisconsin Pedigree no. 38 spring barley 

1 1 

it 

475 

Union winter barley 

Oct. 15 

2 hours -10° C, 

898 

Wisconsin Pedigree no. 38 spring barley 

< i 

11 

887 


ROW VERSUS NATURAL FIELD SPACING 

With the small grains planted in thick rows, as with the alfalfa, less 
satisfactory results were obtained, poorer checks of duplicate samples were 
secured, and in general a less reliable indication of winter-hardiness could 
be gained than when the plants were growing in dense, but uniform, popu¬ 
lations under natural field conditions. Probably the crowding, uneven 
covering by soil, snow and surface materials, and the competition for min¬ 
eral matter contribute to these discrepancies. In the case of alfalfa, the 
variation in the growth of individual plants in the row was extreme. It 
does not appear, however, that excessive growth of the seedling plants is 
necessarily conducive to hardiness and moreover we have clear preliminary 
evidence that deficiencies, either in regard to mineral nutrition or organic 
foods, may be restrictive in the full development of the hardened condition. 
Further investigations of these relations are in progress. 
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Determination of injury of alfalfa roots by- measurement of 

ELECTRICAL CONDUCTIVITY OF THE TISSUE ITSELF 
AFTER FREEZING 

In that a test of injury would be useful which involved very small por¬ 
tions of tissue and which would not necessitate sacrifice or even severe dis¬ 
turbance of the mother plant, the following method was devised. One- 
centimeter sections were cut from various parts of three-year-old roots of 
Grimm, Utah Common and Hairy Peruvian alfalfa. These sections were 
quickly weighed, and fastened with fine wire so that they could be sus¬ 
pended in tubes for freezing. The tissues were frozen by suspending the 
tubes for four hours in a liquid bath at the desired temperature. Thawing 
was allowed to proceed for several hours in the water-bath at 0° C. After 
warming to room temperature the root sections were placed between two 
electrodes actuated by a spring clamp and the electrical resistance of the 
tissue itself measured. The reciprocal of this resistance gives the conduc¬ 
tivity of the section, which is divided by the weight of the section to reduce 
all values to approximately equal cross-sections and, therefore, comparable 
values. Preliminary experiments on November 5 had shown that the elec¬ 
trical resistance of the root section decreases very considerably as a result 
of freezing, and may be, in general, from one-half to one-tenth of its former 
value. The Grimm sections showed decidedly less change in resistance and 
conductivity than those from Utah Common alfalfa, while Peruvian sec¬ 
tions were still more markedly affected. It had also appeared that pieces 
of small roots and especially pieces taken at some distance below the crown 
were more tender than large pieces, especially when taken near the crown. 
It therefore seemed desirable to investigate the following points in a more 
extensive experiment. 

1. The variation in hardiness of individual plants within a variety as 
compared with other varieties. 

2. Variation in hardiness due to position of the section on the root. 

3. Variation due to the size of the root. 

4. Comparison of the conductivity of the tissues themselves with values 
for hardiness obtained by the exosmosis method. 

On November 10, eight average, uniform roots and four large roots were 
selected from each of the three varieties. From each of the 36 roots a two- 
centimeter section at the crown was removed and retained to be added to 
the residue of the root for exosmosis. From the first four average roots 
(1 to 4) of each variety, two one-centimeter sections were cut, adjacent to 
each other at the upper end of the remaining root. From the other four 
average roots (5 to 8) the upper one-centimeter section was retained, then 
six centimeters of root removed below it and another one-centimeter section 
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secured. The same procedure was followed using two of the larger roots 
(9 and 10) for adjacent sections, and two (11 and 12) for separated sec-i, 
tions. These sections were weighed, suspended by fine wire in moistened j 
tubes, frozen and thawed as previously described. The results are pre-j 
sented in table VII. From this table it is very evident that decided dif¬ 
ferences existed in the hardiness of individual plants of any given variety 
on November 10. It is not assumed that these values are a measure of the 
ultimate hardiness of the individual plants, since they would be expected 
to vary somewhat in rate of hardening as winter weather approached. It 

TABLE VII 

Variations in electrical conductivity op sections of alfalfa root tissues frozen 
4 HOURS AT -10° C., ON NOVEMBER 30, 1930. THE RECIPROCAL OF THE 
RESISTANCE OF A ONE-CENTIMETER SECTION IS DIVIDED BY THE WEIGHT 
OF THE SECTION TO GIVE THE CONDUCTIVITY VALUES PRESENTED 


Root 

Position of 
section 

Conductivity (x 10*) divided by weight of section 

Grimm 

Utah Common 

Hairy Peruvian 

1 

Crown 

498 

891 

1675 


Adjacent 

745 

972 

1755 

2 

Crown 

365 

1410 

2038 


Adjacent 

407 

1435 

2000 

3 

Crown 

523 

638 

3960 


Adjacent 

63 7 „ 

576 

2000 

4 

Crown 

1165 ! 

892 

4380 


Adjacent 

1365 

1100 

4080 

5 

Crown 

607 

1040 

1815 


6 cm. below 

925 

3408 

1935 

6 

(’rown 

342 

1302 

1200 


6 cm. below 

967 

1400 

1305 

7 

Crowm 

607 

1565 

1192 


6 cm. below 

1209 

2050 

1485 

8 

Crown 

685 

1350 



6 cm. below 

1513 

1423 


9 

Crown 

192 

545 

1105 


Adjacent 

246 

633 

1215 

10 

Crown 

697 

776 

1465 


Adjacent 

823 

761 

1580 

11 

Crown 

358 

792 

1025 


6 cm. below 

598 

1338 

1510 

12 

Crown 

623 

1020 

1242 


6 cm. below 

1053 

1357 

1360 
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is apparent that at this time of year the position of the tissue on the root 
is of enormous importance in the case of Grimm, of some importance in the 
case of Utah, and of relatively little importance in the case of Hairy Peru¬ 
vian roots. The crown tissue of Grimm roots is very much less affected by 
freezing than the tissue more deeply buried in the soil, while crown tissue 
of Hairy Peruvian is but slightly different from that at other points on the 
root. It would appear that the crown tissue of Grimm roots has become 
hardened by exposure to cold, while that of the tender variety is almost 
unchanged. The variation due to the size of root is relatively slight, al¬ 
though these data are insufficient to draw definite conclusions. Further 
data, by this method, later in the season, appear to indicate that the small 
Grimm roots from field plats are more severely injured by a given freezing 
treatment. In this test, as in the field, large roots of Utah Common and 
Hairy Peruvian seem to be distinctly more winter-resistant than smaller 
roots. Perhaps the small roots are more completely frozen in each ease and 
it may be that the small size of these roots is but a reflection of unfavorable 
growing conditions which would affect hardiness adversely. It should be 
remarked that the winter of 1929-30 had killed most of the Hairy Peruvian 
in the field and that this group of roots no doubt represents the more hardy 
residue from natural selection. Most of the surviving roots of Hairy Peru¬ 
vian w ere very large. The same statements are in a measure true of Utah 
Common, since over half of the plants in the field w^ere killed during that 
winter, while the loss of Grimm plants was less than ten per cent. These 
facts no doubt explain the very great variation in the Grimm roots and the 
relatively more uniform condition of those of the tenderer varieties. Table 
VIII summarizes the results presented in table VII as to the range of hardi¬ 
ness of the crowns within each of the three varieties. 


TABLE VIII 

A SUMMARY OF TABLE VII. RANGE AND AVERAGE OF CONDUCTIVITIES OP ALFALFA CROWN 
TISSUES AFTER FREEZING 4 HOURS AT -10° C., NOVEMBER 10, 1930 


Variety 

Range of conductivities of 

12 FROZEN CROWN SECTIONS 

Average of 

12 CROWNS 

Average of 4 
large crowns 

G-riinin 

♦ 392 to 1165 

555 

468 

Utah Common . 

545 to 1565 

1017 

783 

Hairy Peruvian 

1025 to 4380 

1736 

1209 


Three grams of the residue of each root were frozen and exosmosis al¬ 
lowed to proceed for 20 hours into 15 cc. of water in the usual way. In 
every case, outstandingly low values of conductivity of the exudate corre- 
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sponded to low values of conductivity of the tissue itself. Since residues 
of the roots were used, it was quite impossible to secure samples for exos¬ 
mosis identical to those used for the measurement of tissue conductivity. 
In some cases, the sample for exosmosis had a higher position on the root 
than the one-centimeter sections of which the resistance was measured; in 
other cases the opposite was true. However, the two methods checked in 
a satisfactory manner, and outstandingly hardy or tender roots were in all 
cases indicated by both methods, in spite of the necessary discrepancies in 
sampling. 

Hardening of isolated root sections 

It was thought desirable to investigate the artificial hardening of the 
lower part of the root, since this point might be of great interest in con¬ 
nection with the applied phases of this work. On November 18, 1930, four 
roots of Grimm alfalfa were cut into twelve sections each, so that each third 
section in order of position on the root could be frozen and examined with¬ 
out hardening beyond that received in the field. The remaining sections 
were similarly divided into two groups to be kept at 0° C. for periods of 
one and two weeks respectively. Thus, sections 1, 4, 7 and 10 from each 
root were examined without hardening treatment; sections 2, 5, 8 and 11 
were kept at 0° C. for one week; while the remaining sections, 3, 6, 9 and 
12, were so hardened for two weeks. The sections to be hardened were cut 
a few millimeters longer than those used directly, so that they could be 
freshly cut to the proper length just before freezing, thus avoiding drying 
and formation of scar tissue on the ends of the sections. The sections were 
frozen and thawed as in the previous experiment. The conductivity values 
of the tissue at room temperature divided by the weight of the samples are 
presented in table IX. The test indicates that very positive hardening 
effects are obtained by keeping isolated sections at 0° C. for a week at this 
time of year. The effect varies with the individual root to a marked de¬ 
gree, some roots showing greater ability to harden than others. As a result 
of two weeks of exposure to a temperature of 0° C. two of the four roots 
withstood a freezing treatment at -12° C. better than they did one at -10° 
C. previous to hardening. Although the difference between the upper and 
lower portions of the root is still evident after two weeks of treatment, it is 
not as prominent as in roots fresh from the field. 

In root 1, section 7 gives a peculiar value entirely out of line with any 
results obtained in the many samples examined. This unusual result may 
have been due to super-cooling without crystallization, which is relatively 
common at higher freezing temperatures (as at —5° O.). 

An attempt was made to harden alfalfa roots dug August 27. These 
roots were in a condition of relatively “low organic reserve.'’ In this case, 
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TABLE IX 

Specific conductivity (xlO®) of one centimeter sections of four Grimm alfalfa 

ROOTS HARDENED AND FROZEN AS INDICATED. THE RECIPROCAL OF THE RESIS¬ 
TANCE OF A ONE-CENTIMETER SECTION IS DIVIDED BY THE WEIGHT OF THE 
SECTION TO GIVE THE CONDUCTIVITY VALUES PRESENTED 


Section 

Treatment 


Conductivity 


Hardened 

Frozen 

Boot 1 

Boot 2 

Boot 3 

Boot 4 

1 

Field only 

4 hrs. -10° C. 

667 

560 

264 

362 

4 

11 

i t 

943 

660 

313 

588 

7 

i ( 

< i 

173 

693 

362 

747 

10 

11 

11 

1120 

767 

562 

862 

2 

Additional 

1 week 0° C. 

4 hrs. -10° C. 

529 

223 

163 

323 

5 

(< 

i t 

506 

339 

185 

455 

8 

< < 

( t 

508 

372 

183 

840 

11 w 

t < 

i i 

540 

387 

260 

483 

3 

2 weeks 0° C. 

4 hrs. —12° C. 

634 

328 

285 

646 

6 

a 

t < 

887 

385 

251 

777 

9 

a 

11 

814 

392 

307 

1125 

12 

t < 

< t 

877 

438 

336 

1058 


ten 20-gm. samples of roots of each of the three varieties (Grimm, Utah 
Common and Hairy Peruvian) were prepared and placed in Pyrex tubes 
which were immersed in water at 0° C. for varying lengths of time. With 
the examination made by the exosmosis method, after freezing at -10° C. 
for four hours, very little or no hardening appeared to have taken place in 
the course of a month of such treatment, with any one of the three varie¬ 
ties. Duplicate samples of the three varieties taken from the hardening 
bath, were examined on five dates throughout the period, and the last of 
the “hardened” samples were finally compared on September 26 with sam¬ 
ples fresh from the field. The “hardened” tissues were found to be very 
slightly more tender than the field samples. The peculiarity of failure to 
harden at this time of year should be examined further. It is quite possi¬ 
ble that the attainment of complete hardening is dependent upon late fall 
conditions, involving such factors as short day, dormant condition, organic 
storage, and the predominance of sugar rather than starch in the roots. 

Summary 

Investigation has been devoted to a method previously proposed which 
indicates that the degree of hardiness of plants of certain species can be 
determined by measuring the extent of exosmosis of electrolytes from suit- 
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ably frozen tissue. The method has been applied with satisfactory results 
to a large group of varieties of alfalfa, to three strains of red clover and 
to over twenty varieties of small grains. Tissues grown under various con¬ 
ditions have been examined by this method and show the marked influence 
of environment upon the hardening process. 

An alternate method for the determination of frost resistance is pre¬ 
sented, in which the electrical conductivity of the tissue itself is determined 
after freezing. With three varieties of alfalfa of known hardiness, wide ! 
varietal differences are shown, as well as marked differences in hardiness \ 
of individual plants within a given variety. The upper root tissue of a I 
hardy variety appears to harden first, and prior to winter temperatures is 
shown to be decidedly more resistant to freezing injury than the more 
deeply buried parts. But little difference in hardiness of different parts 
of the root is found in the case of the most tender strain. The hardening 
of isolated sections of root tissue taken from the field in November is shown 
to occur in a refrigerator at 0° C. while hardening treatment during rapid 
regeneration of new growth in August was not successful. 

University of Wisconsin, 

Madison, Wisconsin. 
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GROWTH AND DEVELOPMENT AS INFLUENCED BY 
FRUIT AND SEED FORMATION 

A . E. M URN EEK 

(with three figures) 

Some years ago Briggs, Kidd, and West (3) summarized the very 
extensive data which had been accumulated at a much earlier time by U. 
Kreisler and his co-workers on the growth of several field crop plants, 
especially Zea mays (14, 15). The data had been lying more or less dor¬ 
mant and neglected up to that time. When the weekly percentage increases 
in dry weight (growth rate) and leaf area per unit dry weight (leaf-area 
ratio) were plotted against time, curves were obtained from these old 
records which could be roughly reduced to a generalized form (fig. 1). 

The similarity in the direction of the two schematic curves thus secured 
suggests that the growth rate (percentage increase in dry weight) is a 
function of the leaf area and that it is quite constant during the life cycle 
of the plant. There are, however, two quite noticeable discrepancies. 
Growth seems to be independent of the leaf area early in the development 
of the plant when the seedling is still drawing on the food reserves of the 



Fig. 1. Generalized growth rate (A) and leaf-area ratio (B) curves for Zea mays . 
After Briggs, Kidd, and West (3). 
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seed and while it becomes adjusted to an independent life. The second 
conspicuous departure of the growth curve is during the period of sexual 
reproduction of the plant. Since no evident connection between fluctu¬ 
ations in the external environmental factors and alteration in the growth 
rate during reproduction could be found (14, 15, 8), one is forced to con¬ 
clude, as the authors were, that subsidiary minima (x, y) and maxima 
(cf> SO of the curve are due to internal causes. 

It is my object to call your attention to these induced 4 4 disturbing ’ ’ 
effects on growth and development in plants during the time of sexual 
reproduction. An attempt will be made to distinguish certain phases in 
the physiology of reproduction and to correlate these with definite stages 
in the morphogenesis of flowers and fruits. This discussion will be pre¬ 
ceded and accompanied by several references to experimental data. 

In his studies with the tomato (Lycopersicon esculentum) the writer 
has demonstrated (21, 23) that under all types and with very extreme 
types of nutrition the presence of a relativity large crop of fruits results 
in retarded vegetative development. This was found to be particularly 
true,when the plants were subjected to a restricted nitrogen supply. Those 
on a low plane of nitrogen nutrition were completely inhibited in further 
growth by a single small fruit. The terminal growing point was often 
obliterated, the fruit becoming the “tip” of the plant as it were. But a 
timely removal of the fruit resulted in a complete recovery of vegetative¬ 
ness and a subsequent normal growth a foot or more in length. On this 
new portion of the stem flowers again were produced, which, when ferti¬ 
lized, usually set fruit (fig. 2). 

A similar situation, only on a larger scale and hence more conspicuous, 
was exhibited by nitrogen-high plants. These, however, required the pres- 


-4* " 



Fig. 2. Growth of normal and defruited nitrogen-low tomato plants. 
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ence of several large fruits—with extremely vegetative specimens as many 
as 30—before complete cessation of further vegetative development was 
brought about. When the fruits were removed from such plants a really 
extraordinary development took place. Frequently they attained a size 
twice or three times that of the control plants growing in the same con¬ 
tainers. 

It has been concluded from this work that the inhibitory effects of the 
fruit on development proceed in the tomato in approximately the following 
sequence: (a) Destruction of fecundity of the flowers. Though pollinated 
the blossoms could not be induced to set fruit, (b) Decrease in size of the 
flower clusters and all floral organs, (c) Yellowing and abortion of flower 
buds, (d) Decrease and cessation of further elongation of the stem, (e) 
Complete exhaustion and eventual death of all parts of the plant, excepting 
the fruit. 

Continuing these investigations in further detail it was found (24) 
that tomato plants absorbed the greatest quantities of soil nutrients and 
synthesized the largest amounts of organic substances when fertilization 
(gametic union) was permitted but fruit was not allowed to develop too 
far. Thus fertilization and the subsequent presence of embryos exercised, 
during a certain period, a beneficial influence both on the vegetative parts 
above ground and on the root system. These conclusions are based on 
chemical analysis of whole plants, treated and normal specimens being 
grown in an identical environment. Stimulation due to sexual reproduc¬ 
tion apparently went beyond the reproductive organs. 

These results with the tomato are in complete agreement with those 
secured with cotton by Mason (17, 18), who observed a marked retardation 
in growth of both the central stem and lateral branches during flowering 
and fruiting. The rate of elongation of the main axis of the plants de¬ 
creased in exact proportion to the amount of flowers formed and fruits set. 
When fruits were present, a conspicuous shedding of the immature flowers 
was also noted in the cotton. A similar observation had been made some¬ 
what earlier by Ewing (8), who adds that after the close of the first fruit¬ 
ing season, and wdien most of the fruits had attained a mature stage, 
* 4 second growth” is developed resulting in new flowers and fruits. When 
flowers were removed at the time of shedding, the plants attained a much 
larger size and the total number of flowers was almost doubled. 

Since then my attention has been called to the very interesting studies 
by Egorov (7) and Taranovsky (28) on the effects of removal of flowers 
on growth and absorption of soil nutrients by various field crop plants. 
These publications had not come to my notice previously, because of inter¬ 
ference in exchange in literature incident to the recent war and post-war 
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unsettled conditions. The records gathered by these authors show that 
while some plants do not seem to respond greatly to defloration, the major¬ 
ity are affected conspicuously in growth and development. When fruits 
or seeds were not permitted to develop on these plants the following major 
physiological and morphological changes were observed: (a) A higher 
osmotic pressure of cell sap and probably a physical and chemical altera¬ 
tion in cell membranes, (b) A marked increase in development of all 
vegetative organs, including the roots, (c) A greater assimilation of C0 2 , 
increased absorption of soil nutrients and higher total production of dry 
matter. The chemical composition of deflorated plants was naturally 
changed as a result of this treatment, which, for example in buckwheat, 
was marked by higher percentage concentration and larger total accumu¬ 
lation of phosphorus, potassium, magnesium, chlorine, calcium, and nitro¬ 
gen. Certain differences in forms of nitrogen, calcium, and other com¬ 
pounds seemed to point not only to an enhanced physiological tempo and 
better* utilization of the environment by the deflorated plants but also to 
other profound metabolic changes as a response to the removal of sexual 
orgaps. Unfortunately it is not stated by the authors at what particular 
stage of development the flowers were severed from the respective plants. 

A partial corroboration of these results, especially those with legumes, 
may be found in several other contributions on the subject, of which the 
following may be mentioned: Mattirolo, (20) ; Heckel, (10); Kotowsky, 
(13). 

The above review should make it clear that very profound physiological 
and chemical changes occur in all higher plants during the period of flow¬ 
ering and seed formation. One is thus compelled to share the opinions 
of several well known students of plant life (Bower, Moliscii, Maximow) 
that in the potential scheme of development or the life cycle of vascular 
plants the most insistent and effective check seems to be that imposed by 
the physiological drain of flowering and fruiting. 

While we do not know at present, even in a broad outline, the various 
physiological stages coincident with sexual reproduction, at least two 
major phases appear to be in evidence and have been emphasized pre¬ 
viously by the writer (24). In the first place, as a result of the act of 
gametic union, and hence immediately following fertilization, there is a 
marked increase in metabolism at the embryonic point and this increase in 
a measure extends throughout the body of the plant . Secondly, if a maxi¬ 
mum number of embryos and their accessory tissues (seeds or fruits) 
under the particular conditions of nutrition are permitted to develop, the 
inevitable result will be a retardation in or destruction of further vegeta¬ 
tive development, leading under extreme circumstances to death of the 
plant. 
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An ample number of facts accumulated from defloration and other 
experiments can be marshaled in support of these two physiological phases 
of reproduction. The declining growth rate and senescence of the vegeta¬ 
tive parts of the plant, which usually coincides with the period of embryo 
development, is conspicuous in many annuals. This stage in the physiology 
of reproduction does not seem to have received the proper emphasis. 

With this consideration in mind, annual plants may be roughly grouped 
into those with determinate and those with indeterminate type of growth. 
To the first group belong practically all the cereals, grasses, etc. In these 
increase in size of the plant usually terminates at the time of fertilization 
or soon thereafter. The various vegetative structures then undergo rapid 
senile changes and die promptly. As this event has a strictly seasonal 
aspect, it thus appears that death of such plants is determined by external 
factors. In reality, it is due to internal causes which can be readily demon¬ 
strated by defloration experiments. Still, what is the mechanism by means 
of which the vegetative organs are destroyed coincident with fruiting of 
the plant? 

An important feature during this period of development of an annual 
is the transfer of organic substances from the stem and foliage to the rap¬ 
idly growing fruits and seeds. This, however, should have no detrimental 
effect on the metabolism of a plant, since the removal of the end products 
usually leads to a greater efficiency of physiological processes. Another 
very conspicuous and most significant change is the onset of yellowing of 
the leaves and other organs of the plant, resulting most likely from disin¬ 
tegration of the chloroplasts. Apparently the seeds and associated tissues 
draw’ not only on the food reserves but also on some necessary substance 
or substances that constitute a part of the living portion of the cell and are 
indispensable to the life of the chloroplasts. Thereby the very mechanism 
of organic synthesis is disrupted or totally destroyed and the organism 
perforce must die, save for the embryos and tissues closely associated 
w r ith them. 

Naturally, one must assume that such a condition is initiated only when 
the need of the reproductive organs for certain substances exceeds the cur¬ 
rent supply. The existing vegetative structures would thus be torn down 
to make available the necessary ingredients. Analogous instances may be 
found in the destruction of parental tissues by the animal embryo in case 
of some important metabolic deficiencies. 

Considering this situation and thinking primarily of the soil nutrients 
which find their way into the seed, Egorov (7) has expressed the opinion 
that the real cause of the senescence and death of an annual plant is the 
loss of magnesium by the chlorophyll. This idea seems to be based on a 
very abrupt kind of reasoning: Seeds absorb large amounts of the ash ele- 
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ments from the vegetative structures, including a comparatively high per¬ 
centage of the total amount of magnesium present in the plant. And since 
. according to Willstatter, Mg appears to be the only mineral element pres¬ 
ent in the chlorophyll molecule, the disruption of the chloroplasts at the 
time of yellowing of leaves is due to this (assumed) loss of Mg. It is doubt¬ 
ful that this is what actually happens. The disruption of the photosyn¬ 
thetic apparatus does not necessarily require the direct destruction of the 
chlorophyll molecules. This may happen more likely as a result of the 
removal of large quantities of some organic substances, such as the nitro¬ 
gen compounds, from the protoplasm, which is an indispensable part of the 
living environment for the proper functioning of chlorophyll. Neither can 
we accept the postulated idea that “the primary cause of the death of an 
annual that has flowered is the considerable loss of water at the time of 
flowering, which results in a decrease in assimilatory capacity of the leaves 
and their gradual dying’’ (1). The loss of water is not the main cause, 
but a subsequence of some primary influence on protoplasm in the internal 
physiological readjustment of a plant during sexual reproduction. In 
many annuals such as the cereals, where flowering lasts but a few hours, 
and other related processes follow in equally rapid succession, one may 
easily mistake and substitute one of the more conspicuous effects for the less 
evident cause. 

There is hardly any doubt that large quantities of nitrogen are required 
for the development of floral structures but especially for the subsequent 
growth of fruits and seeds. Several investigators (29, 11, 6, 16) have 
shown that at various stages of development the grains of maize, for in¬ 
stance, may contain 50-70 per cent, of the total available nitrogen. Coin¬ 
cident with this concentration of N in the seeds a conspicuous decrease of 
nitrogen was found to have taken place in the vegetative parts of this plant, 
especially the leaves. The removal of such large quantities of nitrogen 
from the leaves to the seeds most likely disrupts the normal structure and 
function of protoplasm, and eventually leads to loss of water by the leaf 
and the simultaneous destruction of the chloroplasts. To be sure other 
indispensable elements of soil nutrition, especially phosphorus and potas¬ 
sium, when in minimo, may produce a similar effect. Under ordinary field 
conditions their shortage, however, is very much less likely to occur, than 
that of nitrogen. 

From the above discussion it is apparent that an antagonism exists be¬ 
tween vegetative growth and reproduction, which seems to be especially 
conspicuous in plants that flower but once, whether these are annuals 
(Triticum, Zea, etc.), biennials {Beta, Brassica, etc.), or perennials 
(Agava, Corypha, etc.). The last two groups of plants need not be con- 
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sidered in detail here, for their behavior in this respect is quite similar to 
the already discussed annuals. They die promptly after flowering, whether 
this occurs in the second year or after several years of vegetative growth, 
the difference being merely a matter of time. 

Plants with an indeterminate type of growth, like several of our annuals 
( Lycopersicon , Gossypium, Cucurbita , some legumes, etc.) and most peren¬ 
nial woody plants, do not show a clear cut antagonism between vegetation 
and reproduction. Both functions usually proceed concurrently. The 
effects of the correlation between vegetative and reproductive activities, 
however, are expressed in a more or less clear cut manner here also. 
Studies with the tomato, the cotton, and certain legumes have been pre- 
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Fig. 3, Growth of normal and defruited nitrogen-high tomato plants. 


sented already. In all such plants, vegetative growth usually is curtailed 
or ceases entirely when a maximum set of fruits or seeds is obtaining. 
Home of the lower leaves may even be lost in this drain on the food supply 
by the organs of reproduction. But unless the plant becomes completely 
exhausted, there is, however, a recovery and resumption of vegetative de¬ 
velopment after the maturing of the first lot of fruits. Under favorable 
conditions of nutrition several such recurring cycles of vegetation and re¬ 
production are commonly exhibited by such plants. Moreover, when they 
become large and branched the effect may become localized to a consider¬ 
able degree, the fruit drawing on the available food supply primarily in 
that part of the plant nearest to it. 

The lignified perennials present a somewhat difficult situation for 
analysis. This complexity is due largely to the presence of relatively large 
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amounts of storage products of diverse type and a pronounced indepen¬ 
dence. of various parts of the tree. In this respect many fruit trees, for 
instance, should be regarded not so much as individual plants but as rather 
loose (metabolically speaking) aggregates of independent and competing 
units (9). 

That fruiting has a dwarfing influence on the apple tree has been 
pointed out on several occasions (9, 22), but a still more pronounced effect 
of fruit production seems to be on its subsequent behavior. Heavily bear¬ 
ing trees often do not yield fruit in the following season and may require 
several years for a complete recovery from an excessive crop. The cyclic 
flowering and seed bearing of many perennials is a well known phenome¬ 
non. This behavior has a direct bearing on the fact that trees utilize for 
fruit production a large part of the available organic substances, particu¬ 
larly those containing nitrogen. After a year of heavy bearing not only 
is little stored, but the accumulated reserves of previous years may be 
heavily depleted. Nitrogen seems to play a very significant role in this 
phase of metabolism of woody plants, especially in the deciduous fruit 
trees; hence the emphasis on the use of nitrogen fertilizers in the orchard. 

Recent studies by the writer (22, 27) on the nitrogen and carbohydrate 
distribution in organs of the bearing apple spur seem to emphasize once 
more the importance of nitrogen for reproduction. It was found that dur¬ 
ing flowering and fruit bearing the reproductive organs dominate the 
metabolism of the spur system and adjoining tissues. Flowering of the 
apple is characterized by a rapid increase in all active forms of nitrogen, 
which are moved from other parts of the tree to the flowers and subse¬ 
quently to the fruits where large quantities eventually accumulate in the 
seeds. Concomitantly there is a corresponding decrease of N in the storage 
organs. It has been often observed, likewise, that heavily bearing branches 
of fruit trees shed their foliage much sooner than branches without or with 
but few fruits. Thus in this, as in many other respects, trees do not seem 
to differ essentially from other plants. 

Another aspect of the effect of sexual reproduction on metabolism has 
been pointed out on several occasions and has received at least a cursory 
consideration. Returning to fig. 1, attention is called once more to the con¬ 
spicuous departure of the growth rate curve (A) as indicated by the two 
subsidiary minima (x and y) which precede the time of appearance of the 
male and female flowers respectively. While some doubt has been ex¬ 
pressed (2) whether two or only one such depression occurs, also respect¬ 
ing the exact time of appearance of these decreases in growth rate when 
considered in relationship to the period of flower development, most inves¬ 
tigators seem to agree that they are apparent in maize and probably other 
cereals. 
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The immediate cause of this depression in accumulation of dry matter, 
according to some (2, 3, 1), is an increased respiration; while others (2) 
believe that it may result from a decreased water content of the assimila- 
tory tissue, especially the leaves. In either case, it is supposed to be of 
internal origin (3, 2). Whatever might be the physiological processes that 
are instrumental in bringing about this conspicuous decrease in the growth 
rate, a fundamental initial cause must precede these. The writer ventures 
the suggestion, hypothetical as it may appear, that if such depressions in 
growth really occur before anthesis, then they may have some connection 
with the reduction division of the chromosomes preparatory to spore forma¬ 
tion. It must be emphasized most forcibly, however, that this still uncer¬ 
tain effect of sexual reproduction is of an incomparably minor consequence 
than the aforementioned other two. 

A special phase of the writer’s investigations in the physiology of repro¬ 
duction of plants has been an inquiry into the effects of seed development 
on the subsequent behavior of flowers. The disturbing influence of the 
presence of fruits on flower performance in the tomato has been referred 
to already. A favorable material for such a study is the spider flower 
(Cleome sjnnosa). This vigorous annual produces fruits intermittently. 
Sterility in this case is due primarily to the periodic abortion of pistils. 
By submitting a large number of plants to various experimental treatments, 
it was soon discovered that the developing seeds were responsible for the 
reduction in growth of the female reproductive organs. Undoubtedly the 
rapidly growing seeds were able to monopolize the organic food supply to 
the detriment of the flowers situated immediately above them. A timely 
removal of the fertilized pistils or young seed pods promptly stopped this 
drain and, as a consequence, all flowers developed normally and were 
fertile (25, 26). 

A somewhat analogous situation was found to exist in the oil palm 
(Elaeis guineensis) (19). When young, this plant has two periods of 
flowering, one in the spring, the other in the fall. As soon as it begins to 
bear heavily because of age, spring flowering is reduced. This the authors 
explain as being due to the exhaustion of food reserves by the increased 
amount of fruits in the autumn, resulting in a shortage of female spadices 
during the spring period. 

These instances tend to show rather clearly that the reproductive organs 
are able to exert an influence on other parts of the plant, which is somewhat 
varied in scope but more or less definite in character. The most important 
feature in the physiology of reproduction seems to be the diversion and 
localization by the embryos of the products of assimilation. 

The question naturally arises as to what may be the means by which 
the developing embryos are able to draw to themselves and the adjoining 
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tissues most of the available food supply. To accomplish such results a 
definite and powerful mechanism certainly must be at the disposal of the 
reproductive organs. At present, we are entirely ignorant as to its nature 
beyond the mere conjecture that it may be either of a general physiological 
or of a specific enzymatic or hormonic character. 

In this connection one must emphasize again, though this has been done 
already on former occasions, that the theory proposed by Child (5) is 
worth a serious consideration. Production of gametes may be interpreted 
as a sign of senescence in plants, associated with a comparatively low rate 
of metabolism. Fertilization or gametic union, on the contrary, is the 
beginning of rejuvenescence, initiating high localized levels of metabolism 
and maintaining them throughout the time of growth of the embryo and 
its intimate contact with the mother sporophyte. Once a comparatively 
large number of such metabolic gradients are initiated, as in the case of 
excessive fecundity, it may lead to diverting of particular substances to 
the embryo or fruit and the consequent disturbances in the vegetative parts 
of the plant. The demand to which the sporophyte is exposed by the sup¬ 
port of a large crop of seeds and fruits can hardly be overemphasized. 
Under conditions of comparatively limited absorption of soil nutrients or 
restricted organic synthesis, the vegetative organs of a plant may become 
totally exhausted due to the excessive drain by the embryos, leading even¬ 
tually to death of the whole organism (12). 

It is probable also that specific stimulating or inhibiting substances, of 
the nature of enzymes or hormones, may be instrumental in bringing 
about these effects. They may operate in the general metabolism of a plant 
as regulating agents. Proof has been accumulating that such catalytic or 
inhibitory substances do exist in the plant body. It is very likely, there¬ 
fore, that they are profoundly effective in the metabolism of particular 
organs during certain stages of development. Such a system of secretions, 
being endogenous, may be initiated and may come into operation at par¬ 
ticular stages of development of the sex organs, but especially during 
growth of the embryos. The consequent effect will be expressed by a 
specific alteration in rate or character of development of the vegetative 
organs or their destruction in plants that support structures devoted 
primarily to reproduction. 

University or Missouri, 

Columbia, Missouri. 
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CHANGES ACCOMPANYING FRUIT DEVELOPMENT IN THE 

GARDEN PEA 1 

C. S. Bisson and H. A. Jones 
(with five figures) 

Introduction 

Chemical studies on the garden pea were begun at the California Agri¬ 
cultural Experiment Station in 1924. The object of the work was to deter¬ 
mine some of the changes that occur in the fruit during development and 
after harvest. This paper deals specifically with the changes in amounts 
of some of the components of the pods and peas during their development. 
The results on storage will be presented in another paper. The investiga¬ 
tions were confined mainly to the carbohydrates as it was believed that these 
played a more important part than other components in the determination 
of quality. 

Experimental procedure 

The variety used was Dwarf Telephone. This is a large-podded 
wrinkled pea and is the variety used for the spring crop in the Imperial 
Valley. The seed was planted at the University Farm, Davis, California, 
on November 20, 1924. The plants were in full bloom on April 9, 1925, 
and on this date a large number of open flowers were labeled by tying 
strings around the peduncles. This was done to have fruit of the same 
age for study. 

The first picking was made on April 21 when the fruit was 12 days old. 
The peas at this time were still very small and it was necessary to harvest 
a large number of fruit to get enough peas for the analyses. A second 
picking was made on April 27. From this date harvesting was done at 
two-day intervals until May 15 and then at four-day intervals until May 27. 
The samples were collected each morning between 7:30 and 8:00. Several 
representative fruits were selected at each harvest and one specimen of each 
picking is shown in figure 1. A number of fruits were also counted from 
each day’s picking to be used for samples for analysis. These were then 
immediately shelled and the peas and pods weighed separately. From these 
data the average fresh weight of the fruit, pods, and peas were calculated 
and are given in columns 4, 5, and 7 of table I. When weighings w T ere 
completed the peas and pods were preserved immediately by placing them 

i The authors desire to express their appreciation to H. W. Allinger, of the Divi¬ 
sion of Chemistry, who made most of the analyses; also to J. G. Sewell, of the Division 
of Chemistry, H. W. Sprague and Miss E. Harrold, who helped prepare the material 
for analysis and did a portion of the analytical work. 
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Fig. 1. Fruits at different stages of development. The table accompanying gives the 
ages in days and date of harvesting. 


Figure number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

Harvested. . . 

4—21 

4-27 

4-29 

5-1 

5—3 

5-5 

5-7 

5-9 

5-11 

5-13 

5-19 

5-23 

5-27 

Age in days 

12 

18 

20 

22 

24 

26 

28 

30 

32 

34 

40 

44 

48 


in separate flasks which contained sufficient 95 per cent, alcohol to produce 
a solution in which the alcohol content was always greater than 65 per cent, 
by volume after the sample had been added. To the contents of each flask 
there was added 0.25 gm. of CaC0 3 ; they were then heated to boiling as 
quickly as possible and held there for 10 minutes. After cooling, the 
samples were stored. Later they were analyzed for their content of dry 
matter, total nitrogen, reducing sugars, total sugars, starch, acid hydro¬ 
lyzable components, crude fiber and ash. 

Dry matter .—The stored samples were emptied into large evaporating 
dishes, and alcohol and water evaporated, and the residues partly dried by 
slowly heating over a water-bath. In order to prevent the destruction of 
any of the organic matter, the drying was done between 65 and 70° C. 
The partially dried samples were then transferred completely to small 
evaporating dishes and dried in air for 3 days at 65 to 68° C. Drying 
was completed in a vacuum oven over the same temperature range. After 
drying 4 days, weighings were made every 24 hours until the loss in weight 
for the 24-hour period became 0.2 per cent, of the dry residue. The samples 








TABLE I 

Growth records or fruit at diJferent stages of growth. Variety Dwarf Telephone 
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rH 

rH 

Dry 

WEIGHT 

RATIO 

PODS/PEAS 

7.0 

4.3 

2.2 

1.8 

1.3 

1.1 

0.81 

0.64 

0.44 

0.39 

0.33 ' 

0.31 

0.30 

1 OX 1 

Fresh 

WEIGHT 

RATIO 

PODS/PEAS 

9.7 

4.7 

2.52 

2.22 

1.71 

1.57 

1.37 

1.24 

1.05 

0.85 

0.76 

0.53 

0.26 

a 

Av. 

DRY 

WEIGHT 

OF FRUIT 

gnu 

. 0.42 

0.73 

0.83 

0.96 

1.06 

1.12 

1.20 

1.34 

1.34 

1.29 

1.45 

3.59 

1.53 

oc 

Average weight 

OF PEAS PER POD 

* 

* w 

S 2 

Q H 
► 

gnu 

0.05 

i 

0.14 

0.26 

0.35 

0.47 

0.55 

0.66 

0.82 

0.93 | 

0.93 

1.09 

1.22 

1.17 

Fresh 

weight 

gnu 

0.31 

0.86 

1.45 

1.91 

2.33 

2.59 

2.78 

3.22 

3.03 

2.87 

3.17 

3.14 

1.70 

•o 

Avegage weight 

OF PODS 

Dry 

weight 

gnu 

0.37 

0.59 

0.57 

0.61 

0.59 

0.57 

0.54 

0.52 

0.41 

0.36 

0.36 

0.37 

0.36 

Fresh 

weight 

gnu 

3.02 

4.04 

3.66 

4.22 

3.98 

4.06 

3.82 

4.00 

3.18 

2.44 

2.42 

1.66 

0.45 


Av. 

WEIGHT 

OF FRUIT 

gm. 

3.33 

4.90 

5.11 

6.13 

6.31 

6.65 

6.60 

7.22 

6.21 

5.31 

5.59 

4.80 

2.15 


o S 

1 

150 

110 

113 

116 

122 

108 

101 

86 

117 

118 

105 

106 

139 


Age 

in 

DAYS 

12 

18 

20 

22 

24 

26 

28 

30 

32 

34 

36 

40 

44 

48 

rH 

Date 

HABVKRTEn 

(1925) 

4/21 

4/27 

4/29 

5/1 

5/3 

5/5 

5/7 

5/9 

5/11 

5/13 

5/15 

5/19 

5/23 

5/27 
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were then ground so that they would pass completely through a 100-mesh 
sieve, then redried at 65 to 68° C., after which they were placed in bottles 
* and sealed with paraffin. 

The dry weights of the residues were corrected for the CaC0 3 added. 
The average dry weights of the pods and peas w r ere calculated from the dry 
weight and the number of fruits in the sample. The percentages of dry 
matter in the pods and peas w r ere calculated from the dry and fresh weights 
of the samples and they are recorded in column 3 of tables II and III. The 
absolute weight of each component was calculated by multiplying the aver¬ 
age dry weight of the sample by the percentage of the component found 
by analysis. 

Total nitrogen .— For the determination of total nitrogen duplicate 
samples varying from 1 to 2 gm. were used. The procedure given in Scott 
(5) w r as used in making the determinations except that phenol disulphonic 
acid was substituted for the salicylic acid. 

Free-reducing sugars as invert sugar .— Two-gram samples were placed 
in Gooch crucibles and extracted for 2.5 hours in a Wiley extractor with 
75 cc. of 50 per cent, (by weight) alcohol-water solution. The residues 
were held for starch determinations. The extracts obtained w r ere placed 
in 250-cc. beakers on a steam-bath and evaporated to about 10 cc., and then 
completely washed into 200-ec. volumetric flasks with about 150 cc. of dis¬ 
tilled water. In order to clarify the solution 3 to 6 cc. of a neutral satu¬ 
rated lead acetate solution were added to each flask; they were then thor¬ 
oughly shaken and allowed to stand for 15 minutes. Water was then 
added to the mark; the mixtures were again shaken and then filtered 
through dry filter papers. Solid Na 2 C\.0 4 was added to the filtrates in 
sufficient quantity to precipitate all the excess lead as PbC 2 0 4 . The mix¬ 
tures w r ere again filtered and 25- or 50-ec. aliquots were used for the sugar 
determinations by the method of Munson and Walker ( 4 ). The Cu 2 0 
was determined by the Bisson-Sewell (1) method. 

Total sugars as invert sugar. —Fifty-ee. aliquots of lead-free solutions 
as prepared above were pipetted into 100-cc. volumetric flasks and then 
20 cc. of water and 5 cc. of concentrated hydrochloric acid added; the solu¬ 
tions w r ere heated on a w T ater-bath to 68 to 69° C. in 2.5 to 2.75 minutes, and 
held at this temperature for a time sufficient to make a total of 10 minutes 
from the instant heating was started. The solutions were then cooled at 
once. The solutions in the flasks were neutralized with solid Na 2 C0 3 and 
then diluted to the graduation on the flasks with distilled water. Twenty- 
five or 50-cc. aliquots of these solutions were used to determine the invert 
sugars, as described for the determination of reducing sugars. The per¬ 
centages of free reducing sugars were subtracted from the corresponding 
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percentages of total sugar, both expressed as invert sugars and the differ¬ 
ences multiplied by 0.95 to obtain the percentages of sucrose. 

Starch.—The method for determining starch was essentially that of 
Walton and Coe (6). 

Total acid hydrolyzable polysaccharides. —The method of determination 
was essentially the same as that used by Boswell ( 2 ). By deducting the 
percentage of starch the percentage of acid hydrolyzable polysaccharides 
other than starch was obtained. 

Crude fiber. —The method used for the determination of crude fiber was 
that given in the official methods of analysis ( 4 ). 

Ash. —Two two-gram samples were weighed into evaporating dishes and 
ashed in an electric muffle furnace at about 500° C. for 10 minutes. They 
W’ere then removed, from the muffle, cooled and weighed and again heated 
until a constant weight was obtained. 

Experimental results 

Growth of pods and peas 

After fertilization, the fruit made a fairly rapid growth. The early 
increase in weight of the fruit was due almost entirely to the growth of 
the pods, which reached their maximum weight while the peas were still very 
small, as shown in table I. When the fruit was 12 days old, the pods had 
almost reached their maximum size and by the 18th day they were about 
fully grown. The average fresh weight of the pods changed but little 
from the 18th to the 32nd day, and then there was a gradual decrease. The 
average dry weight of the pods showed a very large increase from the 12th 
to the 18th day, but little change from the 18th to the 26th day, then there 
was a gradual decrease until the 36th day and from that time on it remained 
fairly constant. 

As stated above, the peas w r ere still very small when the pods were fully 
developed. As shown in column 7 of table I the average fresh weight of 
peas per pod increased until about the 32nd day, then they remained fairly 
constant until the 44th day, after which time there was a rapid decrease due 
primarily to loss of moisture accompanying ripening. As shown in column 
8 of table I there was a gradual increase in the average dry weight of peas 
per pod until the 44th day. This show T s that even after they had reached 
their maximum fresh weight on the 32nd day they still continued to store 
reserve material until the 44th day. 

As shown in table I the growth curves of the pods and peas do not coin¬ 
cide ; the data in columns 5 and 7 show that the pods reached their maxi¬ 
mum fresh weight about the 18th day and the peas about the 32nd day. 
There was a gradual increase in the average fresh weight of the entire fruit 
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until the 32nd day. The increase from the 18th to the 32nd day must have 
been due entirely to the growth of the peas. There was a rather irregular 
decrease in the average fresh weight of the entire fruit until the 48th day. 
Although there was a decrease in the fresh weight over this period, the data 
in table I column 9 show that there was an increase in the average dry 
weight of fruit until the 44th day with a slight irregularity from the 32ml 
to the 36th day. 

Chemical composition of the pods 

Dry matter .—The results given in column 3 of table II show that in the 
pods the percentage of dry matter remained fairly constant from the 18th 
to the 40th day after which time there was a rapid increase. Since the aver¬ 
age dry weight remained fairly constant after the 36th day as shown in 
column 6 of table I the increase in the percentage of dry weight after the 
40th day must have been due to the loss of water accompanying ripening. 

Total nitrogen .—The percentage of total nitrogen as given in table II 
column 4 shows a general downward trend from the 12th to the 48th day. 
However, there were changes in the rate of decrease of percentage over 
certain periods of this time. From the 12th to the 20th day the decrease 
was very rapid, from the 20th to the 28tli day there was practically no 
decrease, but after the 28th day there was a decrease again until the 48th 
day. As shown in figure 2 the absolute weight of total nitrogen increased 



Fig. 2. Absolute weight of total nitrogen in the pods and peas. 
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slightly from the 12th to the 20th day. It remained practically constant 
from the 20th to the 26th day; it decreased rapidly until the 36th day, after 
which time there was but a slight decrease. Since the absolute weight of 
total nitrogen was calculated from the percentage composition and absolute 
weight of dry matter, the trend of various portions of the nitrogen curve may 
be explained as follows: The increase in absolute weight of total nitrogen 
occurring from the 12th to the 20th day was primarily due to the fact that 
the rate of accumulation of total dry matter was greater than the rate of 
decrease in the percentage of nitrogen. From the 20th to the 26th day 
there was but a slight change in the absolute weight of dry matter and 
also in the percentage of nitrogen and therefore very little change in the 
absolute weight of total nitrogen. 

Although the absolute weight of total nitrogen remained about constant 
1 j between the 18th and the 26th day, this does not mean that there was no 
! movement of nitrogen compounds into the pods but rather that the rate of 
j inflow of nitrogen compounds was about equal to the rate of outflow. Dur¬ 
ing this period there was a flow of nitrogen compounds from the stem of 
the plant through the pods to the peas as indicated by the rapid piling up 
of these substances in the peas (fig. 2). This shows that the nitrogen 
compounds entering the pods from the plants are not retained in the pods 
but are translocated to the peas. From the 26th to the 48th day there 
was a decrease in absolute weight of total nitrogen. This decrease may be 
attributed to the fact that nitrogen compounds were moving from the pods 
to the peas at a more rapid rate than they were entering the pods, thereby 
causing a drain on the reserve nitrogen compounds in the pods. The rate 
of drain was greatest during the early part of this period. 

Total sugars .—The percentage of total sugars increased until the 24th 
day when the maximum was reached. From the 24th to the 30th day the 
percentage remained fairly constant, after which time there was a fairly 
rapid loss until the 48th day (table II). 

The absolute weight of total sugars also showed an increase reaching a 
maximum on the 24th day, after which time there was a gradual loss. The 
rate of loss from the 24th to the 36th day was greater than the rate of loss 
from the 36th to the 48th day (fig. 3). This increase in absolute weight of 
total sugars was probably due almost entirely to translocation to the peas 
rather than transformation into other classes of carbohydrates in the pods. 

Starch ,—It can be seen from figure 3 and table II that there was a 
slight increase in both the absolute weight and percentage of starch in the 
pods from the 12th to the 18th day, after which time there was a gradual 
decrease until the 34th day. The absolute weight and percentage of starch 
remained almost constant from the 34th to the 48th day. This show r ed 
that there w r as an early accumulation of starch in the pods which was prob- 



TABLE II 

PODS AT DIFFERENT STAGES OF GROWTH. AMOUNTS OF CONSTITUENTS EXPRESSED AS PERCENTAGE OF DRY WEIGHT 
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AO£ IN DAYS 

Fig. 3. Absolute weight of dry matter and some of th% components of the pods. 


ably later hydrolyzed and translocated to the peas. From the 34th day 
on the starch remained fairly constant at about 2 per cent, of the total 
dry weight. 
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Acid hydrolyzable polysaccharides (minus starch ).—There was an in¬ 
crease in the percentage of acid hydrolyzable polysaccharides (not includ¬ 
ing starch) from the 18th day to the 48th day. These compounds probably 
constitute a large part of the more or less permanent structure of the pod. 
The increase in percentage of this group of carbohydrates must be ac¬ 
counted for mainly by a decrease in the pods of the more mobile carbo¬ 
hydrates, proteins, and other compounds which move into the peas. 

Crude fiber .—The percentage and absolute amount of crude fiber both 
show a rapid increase from the 12th to the 24th day. The increase in both 
the percentage and absolute weight of crude fiber during this period can 
be accounted for by the accumulation of crude fiber at a more rapid rate 
than the accumulation of total dry matter. From the 24th to the 36th 
day there was an increase in the percentage of crude fiber although not 
regular. Over the same period there was a decrease in the absolute weight 
of dry matter. This increase in percentage can be accounted for by the 
loss of constituents from the dry matter other than crude fiber. From the 
36th to the 48th day there was an increase in the percentage of crude fiber 
but there was practically no change in the absolute weight of dry matter. 
This caused the absolute weight of crude fiber to show an increase over 
this latter period. It is possible that the building up of crude fiber during 
this time was due to a decrease in the rate of transfer of mobile carbo¬ 
hydrates to the peas and to their transformation to crude fiber in the pods. 
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Ash.—As shown in column 11 of table II there was a considerable de¬ 
crease in the percentage of ash from the 12th to the 20th day* Figure 4, 
however, shows that there was an increase in the absolute weight of ash 
during this period. The decrease in the percentage of ash can be attributed * 
to the fact that the rate of accumulation of mineral constituents in the pods 
was less than the rate of building up of the organic matter. If these two 
rates had been equal, the percentage of ash would have remained constant. 
During this period, however, there was an increase in the peas of both ash 
and organic matter, which showed that there was a continuous flow of these 
materials from the pods to the peas. From the 24th day on there appears 
to be a slight decrease in the absolute weight of ash. This indicates that 
the rate of flow of mineral constituents from the pods to the peas is slightly 
in excess of the flow from the remainder of the plant to the pods. 

Chemical composition of the peas 

Dry matter .—The percentage composition of peas at different stages of 
growth is given in table III. The percentage of dry matter on the 12th day 
was about the same as on the 18th day. After the 18th day, however, there 
was a regular increase until the 44th day, after which time there was a very 
rapid increase due to the loss of water accompanying ripening. As shown 
in figure 5 the rate of increase in dry weight of the peas from the 12th to 
the 18th day was less than the rate from the 18th to the 44th day. During 
the early part of this latter perio^the rate of increase was almost constant. 
The average dry weight of the pe&s reached a maximum at about the 
44th day. 

Total nitrogen .—As shown in column 4 of table III there was a gradual 
decrease in percentage of nitrogen from the 12th to the 40th day, after which 
time there was a slight increase. This same trend in the percentage of total 
nitrogen was also obtained by Boswell (3) in his studies with the variety 
Alaska. As shown by data in figure 2 there was a gradual increase in 
absolute weight of total nitrogen from the 12th to the 44th day. The de¬ 
crease in the percentage of total nitrogen to the 40th day may be attributed 
to the fact that the rate of increase in the weight of dry matter was many 
times greater than the rate of increase in absolute weight of nitrogen. 

Sugars .—The amounts of reducing sugars in the samples collected from 
the 20th to the 40th day were too small to be determined. 

As shown in column 7 of table. III the percentage of sucrose increased 
from the 12th to the 22nd day. The rate of accumulation of sucrose during 
this period was greater than the rate of accumulation of total dry weight, 
which accounts for the increase in percentage of sucrose. From the 22nd 
to the 44th day there was a considerable decrease in the percentage' of 
sucrose. This may be attributed to the fact that the rate of accumulation 
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of total dry matter together with the rate of transformation of sucrose into 
other carbohydrates was greater than the rate of accumulation of sucrose. 

As shown in figure 5 there was a continuous increase in absolute weight 
of sucrose until the 32nd day; there w r as then a decrease until the 40th day, 
after which time it remained fairly constant. While the maximum per - 











TABLE III 

Composition op shelled peas at different stages of growth. Amounts of constituents expressed as percentage of dry weight 
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centage of sucrose was reached on the 22nd day the absolute weight of 
sucrose did not reach a maximum until about the 30th day, at which time 
the peas were in the proper stage of development for harvest. This was 
about 8 days after they had reached their highest percentage of sucrose, 
but at this time the absolute weight of sucrose in the peas was at its 
maximum. 

Starch. —-As shown in column 8 of table III there was a decrease in 
percentage of starch from the 12th to the 22nd day, after which time there 
was an increase until the 48th day. The absolute weight of starch showed 
a continual increase from the 12th to about the 44th day (fig. 5). 

Acid hydrolyzable polysaccharides (minus starch). —The percentage 
and absolute weight of acid hydrolyzable carbohydrates other than starch 
increased from the 18th to about the 40th day, after which time there was a 
decrease (table III and fig. 5). 

Crude fiber. —-As shown in table III there was a very rapid increase in 
the percentage of crude fiber from the !18th to about the 24th day. From 
about the 24th day to the 48th day the percentage of crude fiber remained 
fairly constant. There was a fairly regular increase, however, in the 
absolute weight of crude fiber from the 18th to the 48th day. The increase 
in the absolute weight of crude fiber during the time the peas were increas¬ 
ing in size can be accounted for mainly by the increase in the number of 
cells. After the peas had reached their maximum size the increase in crude 
fiber was probably due mainly to the thickening of the cell walls. After 
about the 24th day the percentage of crude fiber remained about constant 
but the absolute weight of crude fiber continued to increase. This means 
that the rate of increase in crude fiber was about equal to the rate of in¬ 
crease in total dry matter of the peas; this phenomenon would cause the 
percentage to remain constant. 

Ash. —From the 20th to the 30th day there was a decrease in the per¬ 
centage of ash (table III, column 11). From the 30th to the 48th day the 
percentage of ash increased slightly. The absolute weight of ash (fig. 4) 
showed a regular increase from the 20th to the 44th day. The early 
decrease in percentage of ash was due to the fact that the organic matter 
was accumulating at a more rapid rate than the ash constituents. The 
small increase in percentage of ash during the latter period, if significant 
at all, can be attributed to the fact that the rate of accumulation of ash 
constituents was slightly in excess of that of the organic matter. 

Summary 

1. The weight of the fresh fruit increased up to about the 32nd day, 
after which time there was a decrease due to the loss of moisture taking 
place at a more rapid rate than the increase in dry matter. The average 
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dry weight of the fruit increased throughout the entire period* The in¬ 
crease in dry weight of the fruit up to the 22nd day was due to the increase 
in weight of both pods and peas, but after the 22nd day the increase in dry 
weight of the fruit was due entirely to the growth of the peas. 

2. In the pods there was an early maximum reached in the absolute 
weights of nitrogen, total sugars, starch and ash, after which there was a 
decline. There was a general upward trend in absolute weights of acid 
hydrolyzable polysaccharides other than starch and in crude fiber. 

3. In the peas there was an increase in absolute weight of nitrogen, 
starch, crude fiber and ash throughout the entire growth period. The abso¬ 
lute weight of sucrose reached its maximum on about the 32nd day and then 
fell off rapidly. The acid hydrolyzable polysaccharides other than starch 
reached their maximum weight toward the latter part of the development 
period. 

4. The crude fiber was the only constituent that showed an upward 
trend in absolute weight throughout the entire period in both pods and 
peas. The absolute weight of the acid hydrolyzable polysaccharides showed 
an upward trend throughout the entire period for the pods and for almost 
the entire period for the peas. 

5. Sucrose is probably the most important constituent determining 
sweetness in the garden pea. In this experiment when this substance was 
highest in percentage the peas were still too small to be harvested. They 
were not at the best size for harvesting when the percentage of sucrose was 
at its maximum but they were ready for harvest at the time when the total 
weight of sucrose was at its highest. 

The University of California, 

Davis, California. 
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SEASONAL CHANGES IN THE COMPOSITION OP THE NON* 
PROTEIN NITROGEN IN THE CURRENT YEAR’S 
SHOOTS OP BARTLETT PEAR 
A . 8 . Mulat 

(with six figures) 

It has been shown in a previous paper ( 4 ) that there are significant 
changes in the quantity of the non-protein nitrogen in the Bartlett pear 
shoots during their seasonal growth. It was interesting to know whether 
the quality of this nitrogen was also changed with the season. Non-protein 
nitrogen, therefore, was subjected to further fractionation. 

Material and methods 

The material used was the non-protein nitrogen filtrate, the seasonal 
changes in which had been studied in a previous paper ( 4 ). This non¬ 
protein nitrogen filtrate, obtained by extracting the samples with water and 
then precipitating the proteins from the extract, was fractionated before 
and after hydrolysis into amide, amino, basic, humin, rest, and melanin 
fractions by the modified Van Klyke method (3). The chart on page 116 
gives a schematic picture of the complete fractionation procedure. 

Uniiydrolyzed 

Amide nitrogen .—This fraction was determined on an aliquot (Cg) 1 of 
the filtrate (C) by Saciisse’s (1873) method. Enough HC1 was added to 
the aliquot to make a 4 per cent. HC1 solution. The acidulated solution 
was placed in a boiling water-bath under a reflux condenser for two hours. 
The hydrolysate was made nearly neutral with sodium hydroxide solution 
and alkaline with heavy MgO. The resulting ammonia was distilled over 
into 0.02 N acid and titrated with 0.02 N alkali. This includes both am¬ 
monia (i.e., nitrogen from ammonium salts) and amide nitrogen. 

Humin nitrogen .—The alkaline mixture remaining from the amide dis¬ 
tillation was filtered and the residue (E) washed until free of chlorides, 
and discarded. Combined filtrate and washings (D) were acidified with 
HC1, an<d concentrated under diminished pressure. The concentrate was 
diluted and aliquots (DJ taken for nitrogen determination. Difference 
between the value for N.P.N. (non-protein nitrogen) (C 2 ) and that for 
amide N (C 2 ) plus filtrate nitrogen (DJ gives the value for (E) humin 
nitrogen in the residue, i.e,, humin nitrogen (E) = (CJ - [(C 2 ) + (DJ]. 

Basic nitrogen .—From the remainder of the filtrate (D) basic nitrogen 
was removed by phosphotungstic acid precipitation as described by Mor- 

1 Letter® in parenthesis refer to the chart. 
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row (3). The filtrate (F) thus obtained was analyzed for nitrogen (F*). 
The difference between the nitrogen values (D x ) and (F x ) was taken as 
basic nitrogen (G). 

Amino nitrogen .—This fraction was determined on filtrate (F) by Van 
Slyke's method as described by Morrow. For these determinations a 
micro-burette was used in conjunction with a macro-deaminizing vessel of 
the Van Slyke apparatus. As the samples analyzed had no foaming ten¬ 
dency, caprylic alcohol was not used. 

Rest nitrogen .—This fraction, also referred to in the literature as other 
nitrogen, was determined by the difference between nitrogen (FJ in phos- 
photungstic acid filtrate (F) and amino nitrogen (F 2 ). 

Hydrolyzed 

The remainder of the filtrate (C) obtained by the removal of soluble 
proteins from the extract was concentrated in vacuo to 100 cc. and hydro¬ 
lyzed with 20 per cent. HC1. The hydrolysate was filtered, the residue (I) 
washed until free from chlorides, and discarded. The filtrate and washings 
(H) were evaporated nearly to dryness under reduced pressure, and the 
residue was taken up with hot water and made up to volume. 

Melanin nitrogen (Mel. N.), also referred to as acid insoluble humin in 
the literature, was determined by the difference between nitrogen value 
(HJ on an aliquot of the filtrate (H) and that of N.P.N. (C x ). 

Amide, humin, basic, amino, and rest nitrogen was determined as de¬ 
scribed for the unhydrolyzed sample. * 

Results 

Tables I and II give the results of fractionation before and after hy¬ 
drolysis of non-protein nitrogen of bark and wood into amide, amino, basic, 
humin, rest, and melanin nitrogen. The seasonal changes in the composi¬ 
tion of non-protein nitrogen in the bark and the wood can be better seen 
from figures 1 and 2. Figures 3 and 4 bring out the changes resulting 
from hydrolysis in distribution of nitrogen among different fractions of 
non-protein nitrogen in bark, and figures 5 and 6 show the same for wood. 

Discussion 

Total non-protein nitrogen which forms about 50-80 per cent, of the 
total soluble nitrogen in the bark and 80-90 per cent, of it in the wood was 
further fractionated into amide, humin, basic, amino, and rest nitrogen 
before and after hydrolysis. 

Amide and amino nitrogen. —The bark in 1927 shows a drop in amino 
nitrogen from 24 per cent, of non-protein nitrogen in September to about 
10 per cent, in January (fig. 1) while the amide nitrogen keeps its level of 
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Month* 4c Dams 

Fig. 1. Seasonal changes in the composition of the non-protein nitrogen in the current 

year's shoots of Bartlett pear. 

about 12 per cent, during all this time. 1 In FYbfnaly* both amino and amide 
nitrogen begin to increase and by May reach, respectively, the level of 34 
and 28 per cent, of the non-protein nitrogen. The bark of 1928 shoots has 
high amino and amide concentration in June (36 and 27 per cent, respec¬ 
tively) which falls off steadily during the growing season and reaches a 
low level of 16 and 12 per cent., respectively, in November. 

Amide and amino nitrogen in the 1927 wood (fig. 2) keep a low level 
of about 6 and 10 per cent., respectively, all through autumn and winter 



"Month* Ac 

Fig. 2. Seasonal changes in the composition of the non-protein nitrogen in the current 


year's shoots of Bartlett pear. (Wood, unhydrolyzed.) 

and begin to rise in March. Amide nitrogen increases at a faster rate than 
the amino fraction and as a result by May the amide fraction is over one 
and one-half times as large as the amino fraction. In the 1928 shoots, the 
wood has about 32 per cent, amide and 23 per cent, amino nitrogen in June 
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which falls during the growing season and reaches a low level for both of 
about 6 per cent, in November. 

Shoot bark and wood are high in amino and amide nitrogen in May and 
June and decrease until they are at their lowest in winter. In the bark 
they begin to increase in February, sometime before the buds begin to swell, 
while in the wood they increase after the trees have come into full bloom. 
In the bark, amide nitrogen is always at a lower level than amino nitrogen 
while in the wood all through the active growing period amide nitrogen is 
decidedly higher than the amino fraction. 

The general parallelism here reported between the changes in amide and 
amino nitrogen in both bark and wood do not agree with the results of Sure 
and Tottingham (6), Nightingale (5), and Thomas (7). These workers 
find that the changes in amide and amino nitrogen take place in opposite 
directions. This may be due to differences in the material used, differences 
in experimental conditions, or both. 

Basic nitrogen .—In the 1927 bark (fig. 1) basic nitrogen increases all 
through autumn and -winter, attaining a maximum of about 34 per cent, in 
February and then falling to about 14 per cent, in May. In the 1928 bark 
it falls from 15 per cent, in June to 8 per cent, in July and then rises stead¬ 
ily to 22 per cent, in October, falls to 14 per cent, in November and remains 
there until January. 

Basic nitrogen in the 1927 wood (fig. 2), similar to that in the bark, 
increases all through autumn and winter, attaining its maximum of 52 per 
cent, in March and then falls sharply to about 19 per cent, in May. The 
wood of 1928 has 22 per cent, basic nitrogen in June which rapidly in¬ 
creases to 68 per cent, in October and then changes but little until January. 

The basic nitrogen constitutes a much higher fraction of non-protein 
nitrogen in the wood than in the bark. Both wood and bark start growth 
with a high concentration of basic nitrogen which falls in the first part of 
the active growth period and rises during the latter part. It continues to 
increase all through the dormant period. It begins to fall in the bark when 
the buds open and in the wood a month later. Fluctuations in basic nitro¬ 
gen run in directions opposite to those in amide and amino nitrogen. 

Humin nitrogen .—The humin nitrogen in the 1927 bark (fig. 1) falls 
from 33 to 20 per cent, of the non-protein nitrogen between September and 
December and remains constant the remainder of the season. Tn the 1928 
bark it shows a sharp rise from 23 per cent, in June to 39 per cent, in July, 
which gradually falls to 30 per cent, in November and then rises to 36 per 
cent, in January. 

The humin nitrogen in the 1927 wood falls from about 10 per cent, in 
September to about 1 per cent, in February, where it stays until May. In 
the 1928 wood it starts at about 1 per cent, in June and reaches about 6 
per cent, by January. 
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Best nitrogen .—In the 1927 bark rest nitrogen increases until Decem¬ 
ber (fig. 1) when it is 23 per cent, of the non-protein nitrogen, then it stead¬ 
ily falls to 3 per cent, by April. The bark of 1928 has no rest nitrogen in 
June but it accumulates to 25 per cent, by November, after which it begins 
to fall. 

Rest nitrogen in the 1927 wood (fig. 2) remains at 40 per cent, of the 
non-protein nitrogen from September to December, then falls and reaches 
a low r er level of about 22 per cent, in May. In 1928 wood rest nitrogen 
show r s a gradual drop from 22 per cent, in June to 14 per cent, in August 
and then a slow r rise to 19 per cent, in January. 

From the preceding discussion of the non-protein nitrogen fractions of 
bark and wood it appears that in June, w r hen the first samples are taken 
from new r growth, both bark and wood start with high amide and amino 
nitrogen which gradually fall, reach the low 7 est points after the growth in 
length stops, and begin to rise again when buds are swelling and opening. 
Basic nitrogen both in the bark and in the wood is at a low T level when the 
first samples are taken from the new growth, reaches its maximum some 
time before the next year’s buds begin to swell and falls sharply after the 
buds begin to open. In the bark, humin nitrogen increases sharply in the 
latter part of the growing season and then keeps at that level the remain- 
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Fig. 3. Comparison of nitrogen distribution in the non-protein nitrogen fractions of 
bark before (solid line) and after (dotted line) hydrolysis. 
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der of the season, while in the wood it rises gradually after length growth 
stops and falls to a low level when the buds begin to swell. Rest nitrogen 
in the bark increases from June to December while that in the wood in¬ 
creases from August to December and it falls in both from January to May. 

Effects of hydrolysis .—On comparing values obtained for different non¬ 
protein nitrogen fractions of bark before and after hydrolysis (figs. 3 and 
4) it is seen that after hydrolysis the humin fraction diminishes and there 



Moril+m fit OciLjS 

Fig. 4. Comparison of nitrogen distribution in the non-protein nitrogen fractions of 
bark before (solid line) and after (dotted line) hydrolysis. 

is a concurrent increase in amino and amide nitrogen. Basic nitrogen in¬ 
creases in autumn and in winter when trees are dormant and decreases in 
spring when active growth is beginning. Rest nitrogen, on the other hand, 
increases during # the active growing season and tends to decrease in autumn 
and winter. A new fraction, melanin, is formed by hydrolysis which takes 
its nitrogen from the amide and amino fractions. Tryptophane probably 
plays a most important role in the formation of melanin nitrogen (2). 

The humin fraction, which is most affected by hydrolysis, seems to con¬ 
sist of polypeptids which on hydrolysis break up into simpler forms and 
are distributed into different fractions. 

In the wood, rest nitrogen decreases on hydrolysis with a concurrent in¬ 
crease in basic nitrogen (figs. 5 and 6). This effect is most marked in the 
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wood before (solid line) and after (dotted line) hydrolysis. 
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wood before (solid line) and after (dotted line) hydrolysis. 
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1927 wood where basic, amino, and amide nitrogen increase at the cost of 
rest nitrogen. Chibnall (1) has found in his starvation experiments that 
hydrolysis decomposes the rest nitrogen compounds and suggests that this 
fraction may be ureide-like in nature. Thomas (7) suggests peptid com¬ 
binations, not precipitated by phosphotungstic acid, and Vickery ( 8 ) finds 
that some polypeptids in alfalfa plant juice are precipitable by this re¬ 
agent. Carbohydrate amino acid compounds may be suggested here as an¬ 
other form of hydrolyzable rest nitrogen. 

Summary 

The distribution of non-protein nitrogen in different fractions and their 
fluctuations is summarized in table III. 


TABLE Ill 

Range of fluctuations in non-protein nitrogen fractions, expressed as percentage 

OF NON-PROTEIN NITROGEN 


Material 

Amide 

Humin 

Basic 

Amino 

Rest 

Bark 1927 

per cent . 
10-28 

per rent . 

24 

per cent . 
12-32 

per cen t . 
10-30 

per cent . 
3-23 

Wood “ 

6-37 1 

1 0-10 

20-50 

10-22 

20-40 

Bark 1928 

12-27 

34 

30-22 | 

16-36 

0-25 

Wood 11 

! 8-32 

1-6 

20-65 | 

8-23 

| 16-20 


New growth starts w r ith high concentration of amide and amino nitro¬ 
gen in both bark and wood, which falls as the growth progresses, remains 
at minimum in autumn and winter, and rises wdien new* buds begin to swell. 
Amide nitrogen in wood is much higher than the amino nitrogen in the 
period of active growth. Basic nitrogen is at its lowest in June, reaches 
its maximum some time before new 7 growth starts, and then falls rapidly. 

On hydrolysis humin nitrogen in the bark and rest nitrogen in the wood 
decrease considerably, causing a concurrent increase in amide, amino, and 
basic nitrogen. 

University of California, 

Berkeley, California. 
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CHEMICAL EQUIVALENT BASE EXCHANGE REACTIONS 

IN PLANTS 

W. T. McGeorge 

The problem of determining the causes of the movement of mineral ele¬ 
ments through membranous tissues within the plant has elicited considerable 
scientific inquiry. Moreover, the factors which govern the concentration 
of the several ions in plant sap and of those fixed by the plant tissues have 
received much attention. Any observations, therefore, which relate to these 
phases of plant physiology and nutrition are of interest. 

During recent years much work has been done on the relationships 
existing between the soil solution and the exchange complex of the soil, the 
compounds which function in the stoichiometric exchange of bases. The 
soil compounds associated with base exchange reactions may be divided into 
organic and inorganic groups. The latter have been extensively investi¬ 
gated, but the former have received comparatively little attention. While 
the absorbing power of so-called humic bodies has been recognized for many 
years, comparatively little study has been devoted to quantitative values 
and to the nature of the absorbing compounds. At the time the exchange 
property of the clay fraction of the soil was demonstrated the same prop¬ 
erty vas assumed for the organic fraction, but later some doubt arose as 
to the validity of this assumption. This problem has been rather inten¬ 
sively studied at the Arizona Agricultural Experiment Station (3) and it 
has been demonstrated beyond question that the organic fraction of the soil 
possesses a chemically equivalent exchange property, and that it is a linear 
function of the carbon content of the organic material. 

Of the carbon compounds which compose the organic fraction of the 
soil the pentosans, lignins, proteins and cellulose are most abundant. Of 
these, lignin appeared most likely to possess base exchange properties and 
it was therefore chosen for study. While the chemical composition of lignin 
has not been definitely established, it is known to possess phenolic hydroxyl 
groups through which basic lignates may be formed. Lignin as isolated 
from a number of soils and from plant materials was studied and all samples 
M T ere found to possess the property of exchanging one base for another in 
chemically equivalent proportions. On quantitatively determining the per¬ 
centage of lignin and the replacement capacity of highly organic soils, a 
linear relationship between them was noted. The base-absorbing capacity 
of lignin varied with the source, and with the method used in preparing it 
from the mother substance. For example, lignin extracted from soils and 
plant material by alcoholic NaOH varied in exchange capacity from 38 to 
178 M.E. (milliequivalents) per 100 grams, M r hile that extracted by aqueous 
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NaOH varied from 327 to 420 M.E. per 100 grams. It was found that the 
maximum absorbing capacity of lignin depended upon complete hydrolysis 
of the complex. This is shown by the fact that the exchange capacities of 
lignins extracted with alcoholic NaOH were all increased to approximately 
200 M.E. when hydrolyzed with HC1, while the capacities of the aqueous 
soluble lignins were increased to approximately 400 M.E. If we assume 
that lignin in raw plant material is in part combined with cellulose as ligno- 
cellulose this hydrolytic effect of HC1 is easily explained. 

Throughout the investigations (3, 4 ), which have been very briefly 
presented, the fact that lignin is a constituent of most plants was outstand¬ 
ing. This fact suggested that lignins, and possibly other organic com¬ 
pounds, notably the lipoids and pectins, may function in base exchange 
reactions within the plant. Absorption capacity w T ould be limited by the 
combination w'itli cellulose. Thus lignin may be said to exist in the plant 
in both active and inactive forms with the base exchange capacity varying 
accordingly. 

Experimental 

To investigate the base exchange phenomenon in plant material, alfalfa, 
one of the principal crops of the Southwest, was chosen for study. Five- 
gram samples of air dried, finely ground alfalfa were treated as follows: 

1. Without any preliminary washing, duplicate samples were leached 
with neutral normal barium acetate and neutral normal ammonium acetate, 
250-cc. volumes being used. Hydrogen was determined by electrometric 
titration of the barium acetate leachate and calcium, magnesium, potassium 
and sodium determined in the ammonium acetate leachate by gravimetric 
methods. 

2. Duplicate samples were leached with 500 cc. of neutral 95 per cent, 
ethyl alcohol, after which they were leached with barium and ammonium 
acetates as in 1. The alcohol and acetate leachings w T ere analyzed sepa¬ 
rately. 

3. Duplicate samples were leached with 500 cc. of distilled water and 
then leached with barium and ammonium acetates as in 1. The water and 
acetate leachates were analyzed separately. 

In each case where ammonium acetate was used, the samples were subse¬ 
quently leached with alcohol to remove the excess ammonium acetate, and 
then the absorbed ammonium determined quantitatively. The data are 
given in table I. 

That alfalfa possesses the property of exchanging its bases and hydrogen 
with other bases in chemically equivalent amounts is shown by a comparison 
of the total amount of ammonium absorbed and the sum of the displaced 
bases and hydrogen in column 3. In other experimental w r ork similar data 
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TABLE I 

Total bases, the relative solubilities in alcohol and water, and the fixed 

EXCHANGEABLE BASES 

Results are recorded in milliequivalents per 100 grams 



Total bases and 

HYpROGEN 

Insoluble in 

ALCOHOL BUT 
EXCHANGEABLE 

Insoluble in 
water but 

EXCHANGEABLE 

Exchange* capacity 

44.1 

41.6 

39.6 

Hydrogen . . 

16.0 

Trace 

7.0 

Calcium 

78.0 

63.0 

27.8 

Sodium 

49.0 

5.7 

3.2 

Magnesium | 

11.1 

3.7 

3.1 

Potassium i 

30.2 

3.9 

0.15 


! 

Dissolved by alcohol 

Dissolved by water 

Calcium 


11.8 

52.5 

Sodium 


51.1 

52.3 

Magnesium 


9.9 

9.7 

i 

Potassium 1 

I 

28.4 

28.6 

Total . . 

185.2 

177.5 

184.35 


* Calculated from the NII 4 absorbed from ammonium acetate. 


have been obtained by determining the saturation capacity of alfalfa for 
barium and calcium ions. Column 1 of table I shows the total amount of 
bases and hydrogen present both as soluble and as fixed forms. In this case 
the soluble cations are approximately three times the fixed ions on a milli- 
equivalent basis. 

Alcohol was used as a leaching solvent to determine whether or not the 
soluble unfixed cations could be removed preparatory to determining the 
fixed cations. It will be noted that the calcium is difficultly soluble in 
alcohol, while the sodium, potassium and magnesium are largely removed 
by this solvent. Alcohol, therefore, fails to qualify as a preliminary leach¬ 
ing liquid in the determination of exchangeable bases. 

Column 3 closely represents the ratio of bases in fixed and soluble forms, 
although there is some evidence that a part of the fixed potassium is dis¬ 
placed by soluble calcium during the leaching operation. 

In addition to demonstrating an equivalent exchange property of bases, 
the data show that calcium is the predominant fixed base. The essential 
need of this high calcium absorption is manifested in the property of the 
plant material when saturated with calcium and with an univalent base, 
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such as sodium or potassium. Leaching was very rapid with the calcium 
saturated alfalfa, but when saturated with sodium or potassium the plant 
tissues became swollen and dispersed, and leaching velocity was greatly 
reduced. Tissue permeability is therefore a function of calcium saturation 
and will be reduced if too great a displacement of calcium by sodium or 
potassium takes place. 

Common ion effect 

In base exchange reactions the energy of absorption of the exchange 
complex is of the order Ca > Mg > K > Na and is therefore, for the bases 
which have been discussed, greatest for calcium. On the other hand, absorp¬ 
tion is also influenced by the concentration of the salt of a common base and 
other electrolytes in the control solution. The property of ionization of 
basic lignates and the effect of common ions on this property has been 
demonstrated (4). Similar experiments with alfalfa were also conducted. 

Six 2-gram samples of alfalfa were leached with neutral 0.5 normal 
calcium acetate, after which the excess salt was removed by leaching with 
water. These calcium saturated samples were then placed in 500-cc. vol¬ 
umes of varying concentrations of KC1 solution, shaken occasionally for 
4 days and the displacing effect of the K ions ascertained by determining 
the Ca in solution. The results are given in table II. 

TABLE II 

Emplacement of Ca from Ca-saturated alfalfa in contact with varying concen¬ 


trations of KCl 

2 GRAMS ALFALFA 500 CO. OF SOLUTION 


Experiment no. 

KCl per 500 cc. 

Fixed Ca in 2 gm. 
alfalfa 

Ca displaced by K( 


gm. 

gm. 

g m. 

1 

None 

0.0160 

0.003 6 

2 . 

0.5 

i i 

0.0032 

3 .. 

3.0 

11 

0.0036 

4 

2.5 

< t 

0.0041 

5 . 

5.0 

t < 

0.0044 

6 . 

30.0 

t i 

0.0045 


A similar experiment was conducted in which the potassium-saturated 
alfalfa was prepared by leaching with a solution of potassium acetate and 
finally with 95 per cent, alcohol to remove excess of salt. These samples 
were then placed in contact with 500-cc. volumes of varying concentrations 
of CaCl 2 solution, shaken occasionally for 4 days and displaced potassium 
ascertained by determining the calcium left in solution. The results are 
given in table III. 

These data clearly illustrate the greater energy of absorption for calcium. 
With a solution of 10 gm. KCl per 500 cc. in contact with 2 gm. calcium- 
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TABLE III 

Displacement or K prom K-saturated alfalfa in contact with CaCl., solutions 
2 GRAMS ALFALFA PER 500 CC. SOLUTION 


Experiment no. 

CaCLj, per 500 cc. 

Ca absorbed by 

ALFALFA 

Absorbing capacity 

OF 2 GM. ALFALFA 

IN GM. Ca 


gm . 

gm . 

gm . 

1 

0.1 

0.00780 

0.0169 

2 

0.5 

0.00997 

0.0169 

3 

1.0 

0.01490 

0.0169 


saturated alfalfa, only one-fourth the calcium was displaced. On the other 
hand, when the potassium-saturated alfalfa was placed in contact with solu¬ 
tions of CaCl 2 the displacement of K w T as almost complete in the presence 
of 1 gm. CaCl 2 per 500 cc. These data lend confirmation to those in table I 
and illustrate w r hy the absorption capacity of the plant is largely saturated 
with calcium. Water permeability and turgidity of the tissues apparently 
demand a near saturation with calcium. 

The reactions described, the data presented and the observations which 
have been made, may be used to explain a number of experimental observa¬ 
tions to be found in the literature where mention is often made of the ab¬ 
normal changes in permeability of plant cells subjected to single salt cul¬ 
tures. According to Osterhout (5) the antagonistic effect of salts is due to 
the presence in the cell of a compound regulating permeability. Hansteen- 
Cranner (2) suggests that lipoid and pectic materials govern permeability 
of cell walls. Alkalis act as dispersants and calcium as a coagulant. 
Priestley (6) found a similar property for pectic acids, namely, the forma¬ 
tion of gelatinous soluble salts with sodium and potassium, and of insoluble 
fiocculent salts with calcium. These statements agree with our own obser¬ 
vations on the property of the alkali- and alkali earth-saturated alfalfa. 
Genaud (1) has recently demonstrated a rapid ionic interchange between 
the cellular membrane of yeast cells and the surrounding fluid. The cat¬ 
ionic interchange usually involves equimolecular quantities. He also found 
that bivalent ions penetrate more easily than univalents. The cell mem¬ 
brane and cell vacuole behave like insoluble organic acids, exchanging their 
cations for those of the environing medium until an equilibrium, due to 
mass action, is obtained. 

It is also of interest to note that Stiles (8) greatly emphasizes the 
failure of osmotic views to afford a complete explanation of the cell reac¬ 
tion to its dissolved substances. He observed (7) that when storage tissue 
is immersed in a solution of a single salt, the ions of the salt are not ab¬ 
sorbed in equivalent amounts. The balance of the ionic charges in the ex¬ 
ternal solution is maintained by the diffusion of ions from the tissue. He 
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also mentions that salts may combine chemically with the cell constituents. 
Stiles also quotes similar work by Redfren (7). In the latter’s experi¬ 
ments it was found that on immersing tissues in a solution of CaCl 2 the 
calcium was absorbed in excess of the Cl and that Mg and K ions had dif¬ 
fused out of the tissue, being replaced in the tissue by calcium. 

These few references serve to show that there is every reason to suppose 
that certain tissue constituents play a part in the interchange of substances 
between plant membranes. It is shown by our experiments that absorbed 
bases may be displaced by other bases or by hydrogen, and that this inter¬ 
change may play a part in ionic movement. 

Summary 

Air dried plant tissues of alfalfa show a definite property of absorbing 
bases or hydrogen and exchanging them for other bases in chemically 
equivalent proportions. It is suggested that living tissues may exhibit this 
same property and that it may be related to the phenomenon of the per¬ 
meability of plant tissues and cationic concentration within the plant system. 
The diffusion of bases through the plant tissues may be aided by an actual 
combination of the base with a relatively insoluble anion, such as lignin for 
example, to form a definite chemical combination, or to form an absorption 
complex with other electronegative colloids which are tissue constituents. 
Arizona Agricultural Experiment Station, ¥ 

Tucson, Arizona. 
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RAPIDITY OP RESPONSE OF SPINACH TO CHANGE IN 

PHOTOPERIOD 

James E. Knott 

When plants are shifted abruptly from existing photoperiodic conditions 
to a day-length favorable for flowering, changes in the metabolism of the 
plant result ultimately in flower-bud formation. The change thus initiated 
should be easier to demonstrate than the gradual shift from a vegetative to 
a flowering stage which accompanies the natural variation in length of day. 
These experiments were conducted to see how quickly a change could be 
noted in the plant after a change in photoperiod. 

Garner, Bacon and Allard (1) found a sharp decline in the hydrogen- 
ion concentration of the sap of the region of the growing points of a number 
of species of plants. This occurred three to five days after the plants were 
transferred to a short day. They believed this to mark definitely the actual 
transition from the vegetative to the flowering stage. 

The catalase activity of the tissues of the growing point has been shown 
( 3 , 4 ) to be closely associated with the vegetative or reproductive condition 
of the bud. As the seed-stalk increased in height the catalase activity de¬ 
creased. Unpublished data obtained in connection with earlier studies ( 4 ) 
indicated that there was a considerable increase in catalase activity of 
cosmos buds the morning following the sudden change from a long to a short 
day, although some days later the catalase activity decreased. Further, it 
seemed that this increase in catalase activity could be noted within a few 
hours of the change. 

A vegetative spinach plant may have a stem height of 5 to 7 mm. as 
measured from the junction of the root and stem. Thus in data previously 
presented (3) which showed a correlation between the increase in height of 
seed-stalk and the decrease in catalase activity of the apical bud, there were 
43 of the 143 individuals which had a seed-stalk height of less than 10 mm. 
This stage of development was accompanied by a high catalase activity of 
the bud. It was impossible to say whether or not this level of catalase 
activity was higher than it was before the plants were exposed to the longer 
photoperiod. Seed-stalk development had not proceeded far enough for 
elongation to be visible. Nor had the bud reached the stage which would 
be accompanied by a decline in the catalase activity. 

Methods 

Stock seed of two varieties of spinach developed by the Virginia Truck 
Experiment Station was planted on September 24, 1930, and January 30, 

125 



126 


PLANT PHYSIOLOGY 


1931, in a ground bed of the greenhouse. Six 16-foot rows of each variety, 
spaced 12 inches apart, were planted. Virginia Savoy is a variety which 
will produce a seed-stalk quickly under favorable conditions. Old Dominion 
is much slower in changing from the vegetative to the reproductive stage. 

The temperature of the house was kept within the range of 55 to 60° F. 
For a w r eek preceding the start of experiment 1, the spinach had been cov¬ 
ered with black sateen at 4:30 P. M. Beginning on the afternoon of De¬ 
cember 15th, a section across the eight row’s was given a 5.5-hour increase 
in photoperiod. Four 100 watt bulbs were suspended 30 inches above the 
plants. The remainder of the bed was covered with a double thickness of 
black sateen w r hile the lights were in operation. This cloth was moved along 
and the lights advanced as successive sections of the bed w r ere exposed to 
the long photoperiod. 

In the case of the second planting the w r hole bed w r as covered with black 
sateen each afternoon at such time as to keep the plants under short-day 
conditions. This cloth was removed about 9 o’clock at night. 

To produce the change in pliotoperiod a strip across the bed was left 
exposed to the normal daylight, reinforced with artificial light as with the 
first planting. A screen was provided to prevent the direct sunlight from 
striking the cloth laid on the plants. Thus heating of the air below’ the 
cloth was avoided. The temperature of the house w’as higher than 60° F. 
on some of the warm sunny days during April. 

Plants were taken from the bed at the times indicated in table I, placed 
in baskets covered with a damp cloth and removed to the laboratory. The 
leaves w r ere stripped off until just the small center ones remained. This 
bud was cut w’liere it joined the stem. One-third as much tissue was used 
in this experiment as in that with spinach previously reported (3). Thus 
the quantity of fresh tissue varied from 20 to 25 mg. It w r as macerated 
with an equal weight of precipitated chalk and 0.1 cc. of distilled water. 
Sufficient water w T as added to equal 50 times the weight of the bud tissues. 
Seven-tenths of a cubic centimeter of the catalase preparation w^as placed 
directly in one arm of the reaction tube. Cotton w r as used to stopper the 
tubes which w r ere kept in an ice box at 38° F. until 9 o’clock the following 
morning. The cotton was removed and the contents of the tubes exposed to 
the air for ten minutes before the catalase activity was determined. One 
cubic centimeter of neutralized hydrogen peroxide (Dioxogen) was placed 
in the other arm of the tube. The catalase activity was determined for 
twelve samples at a time and recorded mechanically by the use of Heinicke’s 
apparatus (2). The temperature of the bath was kept at 20° C., and the 
time of agitation was 180 seconds. 



Rapidity of response of spinach to chances in length of day as indicated by the catalase activity 
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Discussion of results 

The results of these experiments are summarized in table I. Not all of 
the plants were equal in size, although selected as nearly as possible for this 
characteristic. Therefore there is some variation in their catalase activity. 

The catalase activity was measured for 10 to 18 plants from the short- 
and the long-day lots of each variety at each time of sampling. Of the 357 
determinations there were only 19 in which as many as 3 of the 12 cubic 
centimeters of oxygen available in the Dioxogen were released. There were 
88 which gave as much as 2 cubic centimeters. In most cases the time for 
the evolution of 1 cubic centimeter of oxygen appeared to be the best basis 
of comparison, but in the two cases indicated in the table, it was necessary 
to use the time for one-half cubic centimeter. 

The data in table I indicate that there is an increase in the catalase 
activity of the apical bud of spinach following a change from short to long 
photoperiod. This increase is evident 16.5 and 40.5 hours after the change. 
The change is more marked in Viriginia Savoy than in Old Dominion, ex¬ 
cept in experiment 4. 

It will be noted that the catalase activity of the short-day plants has 
fluctuated from one experiment to the next, due probably to the applica¬ 
tion of water to the bed, as this was supplied as the soil dried. Thus, more 
was needed on sunny days, and the daily application of water could not be 
constant. The two days preceding the start of experiment 6 were cloudy 
and water was applied the morning of April 28. This appears to be the 
reason for the difference in the level of catalase activity as compared to that 
in experiments 7, 8 and 9 where water was applied 30 hours before the 
start of each experiment. The plants had almost full sunlight the day be¬ 
fore and the day of each of these last three experiments. 

Experiments 5 to 9 were designed to check the earlier observation with 
cosmos which suggested that the sudden change in day length might influ¬ 
ence the catalase activity within a few hours. 

In experiment 5 the increase in catalase activity in Virginia Savoy is 
not quite great enough to give odds of significance, but indicates that there 
had been a disturbance of the metabolism. The decrease in Old Dominion 
in experiment 5 can be explained by the condensation of water on the bud 
leaves as these plants stood in a moist atmosphere at a temperature slightly 
above freezing before they were macerated. Although an attempt was 
made to dry them by touching the surface with dry cheesecloth, enough 
water remained to cause error in weighing and consequently in the degree 
of dilution. 

Experiments 6 to 9 show T that the Virginia Savoy variety has shown a 
greater increase in activity 2.5 hours after the sudden change in photoperiod, 
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than has Old Dominion. Only in experiments 6 and 9 is the increase in 
catalase activity of Old Dominion significant. 

Plants which had been exposed to the long photoperiod from December 
15 and December 24 were measured for seed-stalk height on January 5,1931. 
These data are presented in table II and show that it took 21 days for the 
Old Dominion to reach the height of seed-stalk attained by Virginia Savoy 
in 12 days under the temperature conditions prevailing. At the end of 12 
days, Old Dominion had scarcely started to elongate, as the base of the 
plant itself may be 5 to 7 mm. high. These figures indicate why a more 
pronounced and more rapid change in catalase activity might be expected 
in Virginia Savoy. 

TABLE II 

Average height of seed-stalk of Virginia Savoy and Old Dominion spinach after 

CERTAIN PERIODS OF EXPOSURE TO A LONG PHOTOPERIOD 



Number of days of exposure to long photoperiod 

Variety 

12 days 

Height of seed-stalk 

21 days 

Height of seed-stalk 

Virginia Savoy 

38.75 ± 2.397 mm. 

90.34 it 6.411 mm. 

Old Dominion 

10.00 it 0.675 mm. 

39.58 ± 1.569 mm. 


The increase in catalase activity of the apical bud soon after a change 
to a photoperiod favorable for flowering is followed later by a decrease. 
The hydrogen-ion concentration of the apical tissue has been shown to 
decrease and then increase under similar conditions (1). However, the 
change in catalase seems to occur more quickly. The two may be inde¬ 
pendent, but simply manifestations of the change in metabolism occurring 
in the shift from a vegetative to a reproductive type of growth. 

Summary 

Determinations of the catalase activity of 20 to 25 mg. of fresh apical 
bud tissue of spinach plants, taken 2.5, 16.5 and 40.5 hours after a change 
to a longer photoperiod, show that the plants have responded to the stimulus 
by an increase in the catalase activity. This indicates that spinach has 
responded rapidly to the change in day length. 

The Virginia Savoy variety which produces seed-stalks more quickly 
than the Old Dominion variety under a favorable photoperiod has shown a 
greater change in the catalase activity. 

Cornell University, 

Ithaca, New York. 
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MODE OP OCCURRENCE OF CAOUTCHOUC IN THE GUAYULE, 
PARTHENIUM ARQENTATUM GRAY, AND ITS FUNCTION 


Francis E. Lloyd 
(with one plate) 

The account which I published in 1911 (9) of the mode of occurrence 
of caoutchouc in guayule, Parthenium argentatum Gray, is incorrect. I 
was led into error by inadequacy of both method and point of view. The 
purpose of the present paper is to set the matter right, so far as I now 
understand it. 

In the guayule, as in some other rubber-bearing plants, the rubber oc¬ 
curs in the parenchyma cells and is thus segregated. In contrast with this 
condition is that in the so-called latex-bearing rubber plants, such as Hevea, 
Manihot, Ficus, Euphorbia, Scorzonera, Chondrilla, etc., in which the rub¬ 
ber is a constituent, more or less prominent according to the species, of a 
white or colored milky fluid, which is stored in tubes from which, when 
opened, the fluid flows more or less freely. The fluid in question is always 
a complex emulsion of rubber 1 and other substances (resins, fats) as the 
internal phase, with water containing proteins, salts, sugars, etc., in solution 
as the external phase. The size of the suspensoids differs greatly, and is 
from 2 microns and less in Hevea and Kickxia to 60 microns or more in 
Musa. This general statement may now be extended to the guayule for, as 
will be shown, the rubber associated with other substances occurs in the 
same manner. The fluid here is equally a latex 2 confined to individual cells. 
In Hevea, etc., it occurs originally in individual cells which break down in 
series to form tubes, or, as in the seed, in cells which tend to form inartieu- 

1 Latex is, of course, not always rubber-bearing (see Molisch, 14; Lloyd, 12). 

2 The word “latex,” while meaning merely a “fluid, 7 * has come to be used more 
specifically for milky rubber-bearing fluids occurring in tubular structures (Oxford 
Dictionary). It is, however, impossible to adhere to this usage rigorously. For ex¬ 
ample, the milky exudate from cut surfaces of Musa is always spoken of as latex in the 
more restricted sense; as a matter of fact, this latex is merely the sap (latex in the 
original sense) of large barrel-shaped cells placed in series like a string of beads, each 
cell separated from its neighbor by a thin circular wall (double, of course). On cut¬ 
ting fresh living tissue, the internal pressures break down the walls, hence the exudate. 
If the part cut is fully wilted or has otherwise lost its turgor (as when a banana fruit 
has been “chilled” (Lloyd, 11) no exudation takes place. The word “latex 77 is here 
obviously misapplied unless used in its primary sense. I should prefer, therefore, to 
adhere to the primary meaning, coupled with qualifying terms, as parenchyma latex 
( Parthenium , Musa), vascular latex ( Euphorbia, Hevea). It is well understood the 
latex vessels of Hevea arise by the resorption of the contiguous walls of seriate mem¬ 
bers. “Sap” could be restricted to the fluid of wood vessels. 
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late tubes (Parkin, 15), such as those which occur in many other plants, 
e . g ., Argemone (Trecul, 18). 

The evidence as to the nature of the parenchyma latex of guayule is 
very simple. If a living plant stem be cut across and the cut surface be 
dipped into a drop of water on a glass slide and examined at once, the 
water will be observed to have become milky. Placed under the microscope, 
it is seen to be a rich suspension of minute particles in lively Brownian 
movement. If now a section be cut, thick enough to afford uncut cells but 
thin enough so that uncut cells do not overlie each other, and examined 
microscopically, the contents of the cells appear as a densely milky fluid, 
more especially if observed in reflected light with the dark field condenser. 
In transmitted light, the contents of the cells appear cloudy and more or 
less obscure, according to their density. At the same time, one may observe 
that the minute particles or suspensoids in the fluid in each cell are in 
Brownian movement, the observation of which is most easily made in cells 
which are not too fully packed with the suspensoids, for obvious reasons. 
A series of preparations made from a shrub containing poorly to richly 
loaded cells will afford a variety of pictures, from cells containing only a 
few minute suspensoids to those containing a very dense suspension. Such 
preparations, if photographed with a time exposure, give a curious result 
pictorially, w 7 hich of course could be expected, namely, cells appearing as 
if filled with an ill-defined cloud (plate II, figs. 1, 3). It, is only when a 
rapid exposure is used that the individual particles may be resolved, for 
which purpose not too well filled cells are best (plate II, fig. 5). An instan¬ 
taneous photograph of diluted cell fluid affords a picture in which one may 
obtain an impression of the range of size of the particles, which extends 
from two microns to those of so minute a size as to be just within the limits 
of resolvability (plate II, fig. 8). The particles are all spherical, as in the 
latex of Ficus , and not pear-shaped, as are many of the suspensoids of 
Hevea. It is not, of course, to be supposed that all the particles are caout¬ 
chouc in guayule any more than in other rubber-bearing plants. But that a 
part of them, indeed the greater part, is caoutchouc may be proved by the 
use of suitable solvents for other possible components, such as resins, pro¬ 
teins, oils. Sections treated with such solvents for sufficient periods of time 
still reveal suspensoids remaining undissolved, provided only that a solvent 
for caoutchouc has not been used. If, however, for such tests cells are used 
•which contain a great deal of rubber, this will have become coagulated. If, 
on the other hand, cells with a small amount are used, the particles may re¬ 
main discrete though they usually become more or less adherent to various 
surfaces present—the mere result of space relations. 

If now coagulating agents are used at once, the coagulation of the latex 
within the individual cells proceeds and there results within each cell sev- 
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eral coagula if the amount of rubber is small—that is to say, flocculation 
takes place (plate II, figs. 4, 6); or, if there is enough rubber, a single clot 
is formed (plate II, figs. 2, 7). This, as is well shown in the figures in my 
monograph (1911), is not homogeneous internally, but contains inclusions 
of fluid—are vacuolated, so to speak—and particles of non-rubber constitu¬ 
ents (plate II, fig. 7). The change is irreversible. 

The above described behavior in the guayule is of interest both theoreti¬ 
cally and practically. From the point of view of physiology it was difficult 
to regard the caoutchouc, if laid down in the parenchyma cells as solid 
masses, as a food or other reserve. The question of the function of latex, or, 
to particularize, of any or all of the constituents of the latex, has puzzled 
every one who has taken any theoretical interest in rubber plants, for the 
reason, if for no other, that if any or all of these constituents are physiolog¬ 
ically useful, there might be expected some variation in the composition of 
the latex at one time or another in the cycle of growth, let us say, and thus 
during the year the crop of latex would be uneven in quality or quantity 
or both. While in the case of Hevea there seem to be minor differences in 
composition of the latex as between tree and tree, or more obviously between 
race and race, the differences are slight and appear to indicate nothing in 
regard to physiological significance. There is also the now known effect of 
enrichment of the soil by sodium nitrate, etc., in increasing the yield of 
latex (Grantham, 6 ), but it can be inferred that this effect is general, 
affecting many if not all features related to growth. Possibly the number 
of stone-cells in the cortex would be affected, but this feature is so different 
quantitatively in various races of Hevea that it would require hardihood to 
claim a physiological function for the stone-cell. Some would perhaps 
argue for a protective effect, but there is no evidence that this is the case: 
just as a similar effect has been argued for latex (de Yries, 19 ) in the seal¬ 
ing of wounds, without any real evidence that Hevea is less subject to the 
ills of the flesh than other non-latex producing plants. However, it may 
be suggested that the coagulative capacity of rubber and other latices serve 
for the prompt closure of wounds so that the internal pressures, which are 
high (Molisch, 14 ) may be restored and preserved. 

As to the experimental evidence in support of the idea that latex is in 
part at least a fund for energy supply, there is the evidence adduced by 
Faivre (3, 4 , 5) for Tragopogon porrifolius, Morns alba, and a Ficus . By 
varying conditions (including absence of carbon dioxide) he observed im¬ 
poverishment of the latex in the above forms, and inferred their nutritive 
value. His views were favorably received by de Vries (L c., 19). Ch. 
Bernard ( 1 ) also did experiments with Euphorbia thymifolia and E . 
splendens exposed to C0 2 -free air and observed the corrosion of the starch 
grains ; and what happens to one component of the latex may happen to an- 
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other. Pfeffer (16), however, asserts that among other substances India 
rubber is ‘‘incapable of further metabolism,’’ which remark, whether 
eventually shown to be true or not, serves to. indicate the crux of the prob¬ 
lem for us at the moment. The only additional experimental evidence that 
is available is contained in a note by D. Spence (17), who states that in a 
young Ficus elastica “grown in an atmosphere and soil free of carbon 
dioxide, gradually drew on their milk which became nothing more than 
water after a few weeks’ time.” This experiment, supporting the conclu¬ 
sion of Faivre (3), indicates that in the absence of a raw material for the 
elaboration of a hydrocarbon, here caoutchouc, the supply already present 
may be metabolized. The presence of suitable enzymes, shown in the first 
instance by Spence (17) for Hevea and Funtumia, coupled with the great 
surface area of the suspensoids, lends support to the idea. The very condi¬ 
tion in which the latex occurs, namely, in a vascular system, or system of 
tubes, their very wide distribution in the plant kingdom, and the evident 
nutritive values of many of the latex constituents predispose only to the 
view that, in general, latex is not merely a depository of wastes. 

In considering the guayule and other plants which have and hold their 
caoutchouc in like manner, namely, in the individual cells of the paren¬ 
chyma, the predisposition is to compare this condition to analogous ones in 
which known metabolically useful materials are accumulated, e. g.< starch 
in the potato tuber. In the latter it is easy to demonstrate experimentally 
that the starch is actually and measurably used. Now that we know that 
the caoutchouc occurs as a colloidal suspension, precisely as in the latex of 
Hevea, etc., we have no difficulty in accepting the possibility of its attack 
by enzymes: what seemed difficult, holding the older and incorrect idea that 
the caoutchouc is disposed in solid masses, a single one in each cell, is now 
easy when the surface relations inherent in a colloidal suspension are real¬ 
ized (Molisch, 14, p. 80). On general principles there is no particular dif¬ 
ficulty in expecting even so refractory a substance as rubber to be acted 
upon readily if the proper agencies (enzymes) are present. This would be 
merely the reversal of the anabolic process. This argument has been used 
by Molisch (l . c.) in regard to the particulate condition of the other sub- 
stances'in latex. 

That, however, the hydrocarbon in question is, in the case of the guayule, 
actually a reserve substance and is as actually made use of in metabolism 
requires proof, which has not yet appeared. We know that during periods 
of rapid growth very little caoutchouc is formed, this happening after the 
cessation of growth during the drought period following the rain which 
made growth possible. The amount of rubber which can occur in maximum 
quantity (ca. 20 per cent.) depends not alone on the particular race of 
guayule (McCallttm, 13), but also on the rapidity of growth and the length 
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of the drought following cessation of growth. At all events, in the semi- 
arid deserts in which it occurs, the guayule accumulates rubber until some 
maximum is reached and the amount then appears to remain constant until 
a new growth period sets in. The addition of new tissues during the growth 
period makes it very difficult to determine whether meanwhile the caout¬ 
chouc is being drawn upon as a source of energy. The solution of the prob¬ 
lem is one of the most interesting in the field of plant metabolism and it is 
to be hoped that those favorably placed and interested will find it possible 
to find the solution. 

The view that the caoutchouc in the guayule confers on the plant some 
ability to withstand drought has been advanced from time to time, but no 
convincing evidence has accrued. That the plant wilts at once on being 
pulled suggests a negative answer. On the other hand, plants so situated 
that they must withstand a drought period are subjected to a very gradu¬ 
ally effective drying out which might affect the leaves without affecting the 
stems, while these may have a superior drought resistance conferred on 
them by the presence of the caoutchouc. The fact that it requires a con¬ 
siderable period of time after the shrub has been ‘ 4 pulled 71 before it 
‘ 1 cures ’ 9 so that it can be milled might be taken as an indication that during 
some period—probably a short one—the parenchyma cells retain their 
vitality as indicated by the dispersed condition of the contents of the cells. 

On the other hand, closely related species, such as the mariola ( Par - 
thenium lyratum), which appear to be equally able to withstand drought, 
if not more so, have very little caoutchouc; but here we impinge on one 
of the very difficult problems in the field of adaptation, the question of 
how far the same ends are attained by different means. 

An additional suggestion is prompted by the recent work of Walter 
(20), who reports that drought resistance of leaves (the stems were not 
investigated) “varies directly with the maximum osmotic value and with 
the osmotic inertia of the plant,” namely, that the accumulation of caout¬ 
chouc and water-soluble substances such as oils and some resins may in¬ 
crease the osmotic value of the sap merely by occupying space, thus by 
indirect means gradually changing this from a lower value during the 
continuation of drought. 

The practical interest attaching to the matter of the condition of the 
caoutchouc is well understood by those who during the past twenty-eight 
years have been concerned in the extraction of rubber from the guayule 
shrub. It has long been known in northern Mexico that by merely chew¬ 
ing the stems, rubber (“hule”) could be obtained, and when communal 
methods were used a sufficient amount could be obtained to make balls for 
playing games. Rubber was well known to the prehistoric peoples of 
Mexico, who made small images, utensils and balls, etc. It was obtained 
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by coagulating the latex of Castilloa; and it is not unlikely that such ob¬ 
jects found their way as far north as southern Arizona (Lloyd, 10). It is, 
however, pretty certain that in northern Mexico the rubber of guayule was 
also used (Lloyd, 9). At any rate, the method of obtaining small quanti¬ 
ties by mastication is and has been general knowledge among the peons 
of northern Mexico for a long time, certainly previous to the beginnings of 
the manufacture of guayule rubber just previous to 1903. It was in this 
year that Mr. William A. Lawrence discovered that this substance could 
be extracted from the shrub by a strictly mechanical process of comminu¬ 
tion and flotation in water, by which the floating rubber could be separated 
from the bagasse (Carnahan, 2). For many years thereafter, how¬ 
ever, there were measurable and even serious losses due to various imper¬ 
fections in the methods of manufacture, following from imperfect knowl¬ 
edge of what constituted “curing” the shrub, which we now know to be the 
time and conditions for bringing all the suspensoids into the coagulated 
condition. 8 With the fact before us that the rubber in the guayule exists as 
a colloidal suspension, experimentation can proceed with a perfectly defi¬ 
nite criterion before the investigator. It is one so simple, moreover, that 
it is a matter of surprise that it was not long ago discovered, namely, the 
method indicated above. One needs but to make a cut across the tissues 
and touch the cut surface to a drop of clean water on the piece of glass. 
If the rubber exists as suspensoids, they will flow out and render the water 
milky. Slight turbidity may be determined by putting a few slices of 
tissue in a small volume of water and then determining the turbidity by 
means of a strong beam of light (Tyndall effect). For the purpose of 
checking this method of treatment, the dried material, after allowing a drop 
to dry on the glass, may be treated with acetone to remove the resins, and 
the adhering caoutchouc then examined, when, of course, staining may 
be used. 

At this point I wish to acknowledge the courtesies extended by Mr. 
George H. Carnahan, President of the Inter-Continental Rubber Company, 
who made it possible to re-examine living guayule, both at Salinas, Cali¬ 
fornia, and at Torreon, Mexico, in 1926 and 1927. It is with his concur¬ 
rence that the above notes are published. 

McGill University, 

Montreal, Canada. 

8 Since such plants as Scorzonera and Chondrilla , certain species of which are being 
exploited by the Russians, are vascular latex plants, and are hardly susceptible of being 
tapped, the latex in them must be allowed or caused to coagulate, before extraction, 
thus following the method of “pilonage” used in Africa for the extraction of the rubber 
from Landolphia keudelotii (J umelle, 7); that is, by a method fundamentally similar 
to that used for guayule. 
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Explanation of Plate II 

Fig. 1. Section of the living cortex, including a portion of a resin canal, of 
Parthenium argentatum Gray. The cells appear as if filled each with a dense cloud. 
This is the result of a time exposure on many suspensoids in Brownian movements. Com¬ 
pare with figure 5. 

Fig. 2. The same section after brief treatment with weak acetic acid. The latex 
within the cells has now been coagulated in nearly solid masses, almost filling them. 

Fig. 3. Living cells from the pith, time exposure. The cloudy appearance of the 
interior of the cells is owing to the movement of the suspensoids, as in figure 1. 

Fig. 4. The same section as in figure 3, after treatment with acetic acid. The 
amount of material in the form of suspensoids is not great enough to make a solid 
mass, but is merely flocculated. Contraction follows later. 

Fig. 5. Instantaneous photograph of three undamaged cells of the cortex, showing 
the suspensoids of caoutchouc (for the most part). A time exposure would have yielded 
a result such as in figures 1 or 3. 

Fig. 6* The same after treatment with acetic acid. 

Fig. 7. A larger picture of such cells as are seen in figure 2 showing that after 
coagulation the coagula are not homogeneous. 

Fig. 8. Dark-field photograph of the parenchyma latex diluted with water. 
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OXYGEN CONSUMPTION AND CARBON DIOXIDE PRODUCTION 
DURING THE GROWTH OF YEAST 

Oscar W. Richards and Florence W. Haynes* 

(with three figures) 

In the present experiments the oxygen consumption and carbon dioxide 
production of a pure strain of yeast have been investigated throughout the 
first and second cycles of its growth in a synthetic nutrient solution. Few 
measurements of the respiration of yeast in the literature are comparable 
to these observations, since other investigators have used different kinds of 
yeast under various experimental conditions which have not always been 
stated clearly. The measurements have usually been made only for short 
intervals of time. Copping (2) has published curves for the oxygen con¬ 
sumption, carbon dioxide production and cell count of Saccharomyces cere - 
visiae on different media for a period of about four days but readings were 
made only at daily intervals and no attempt was made to correlate the gas¬ 
eous exchange of the yeast with its growth. 

For these experiments a pure strain of Saccharomyces cerevisiae Hansen 
previously obtained from a single cell (Richards, 5) 2 was grown in Wil¬ 
liam’s medium. 3 The seedings were made with 0.10 cc. of a suspension 
from yeast cultures of about the same age and the technique of measuring 
the multiplication of the yeast was that of Richards (6). 

The oxygen consumption and carbon dioxide production of the yeast 
were determined with differential microrespirometers of the type devised 
by Tiiunberg (9) and more recently described by Fenn (3). For the 
measurements of oxygen consumption 0.5 ce. portions of 20 per cent, 
sodium hydroxide were introduced into small cups in the two chambers of 
the respirometer to absorb carbon dioxide. Into one chamber w r as placed 1 
cc. of medium containing yeast and into the other enough water to make the 
air spaces equal. As oxygen was consumed the index drop in a horizontal 
capillary connecting the two chambers was drawn toward the chamber con¬ 
taining the yeast. The oxygen consumption was obtained by multiplying 
the movement of the drop in centimeters per minute by the volume of the 
capillary in cubic centimeters per centimeter. Twice this value was used 

1 The measurements of respiration 'were made by Miss Haynes and the growth 
counts by Richards. 

2 Isolated from a cell of yeast no. 2335 furnished to Richards through the courtesy 
of Dr. F. W. Tanner. 

» Sucrose 20 gm.; (NH«) 2 S0 4 , 3 gm.; KH 2 P0 4 , 2 gm.; asparagine, 1.5 gm.; CaCl 2 , 
0.25 gm.; MgS0 4 , 0.25 gm.; distilled H s O, 1,000 cc. All chemicals were of Merck’s Blue 
Label reagent quality. 
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since the second, compensating chamber reduces the movement of the drop 
by one-half. When measuring the carbon dioxide production the sodium 
hydroxide was omitted, so that the value for the C0 s /0 2 was obtained di¬ 
rectly. The addition of the amount of oxygen (0 2 ) consumed to this value 
gives approximately the carbon dioxide (C0 2 ) produced. 

The apparatus was suspended in a water-bath in which the temperature 
was maintained between 28.2° and 28.3° C. About every 12 hours cell 
counts were made on control tubes in the same bath. Carbon dioxide was 
not removed from these tubes with sodium hydroxide because previous ex¬ 
periments 4 had shown that such a removal of carbon dioxide did not sig¬ 
nificantly influence the growth of the yeast. The cotton stoppers were not 
tight enough to prevent the escape of the gas. The growth curve is an 
average curve. As the yields in the several respirometers varied slightly 
owing to the technical difficulty of getting exactly the same seeding in each, 
the readings were brought together at the end of the growth period ( cf . 
Richards, 6 ). 

The experiments lasted approximately 130 hours and readings were 
taken every 2 to 5 or more hours. The oxygen consumption was averaged 
over the intervening period. Because of the large amounts of carbon dioxide 
produced during the fermentative phase of the yeast growth, measurements 
of the rate of carbon dioxide produced were made every few hours for short 



Fig. 1. The oxygen consumption of the cultures of yeast. 


* The slight increase in the growth of the yeast when the C0 2 was removed by sus¬ 
pending a short vial containing NaOH above the culture medium was less than the varia¬ 
tion of the crop in the respirometers. 
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intervals of time. As the chambers were frequently opened to the air in 
order to return the index drop to its initial position, there was probably no 
oxygen depletion. After these manipulations time was allowed for the 
equilibrium to become established before making measurements. 

The oxygen consumption is plotted in fig. 1 from a series of three ex¬ 
periments. The determinations of the individual experiments (averaged 
over 3-13-hour periods) are platted as horizontal lines. These are joined 
by vertical lines to show the parts of a single experiment. The continuous 
curved line is the average curve obtained by drawing the curve through 
average points taken at 5-hour intervals. The rate of oxygen consumption, 
shown by this average curve, increases until about 65 hours after seeding 
and then decreases until it reaches an equilibrium at about 130 hours. 

The rate of growth, fig. 2, is greatest at about 30 hours, returns to zero 
at the equilibrium between the first and second cycles of growth (65-70) 



Pig. 2. The average growth curve of the yeast and the rate of the growth. 

hours), and then increases to a lesser extent during the second cycle. From 
a comparison of the two figures there appears to be no direct correlation 
between the rate of growth and the rate of oxygen consumption which 
would suggest that the oxygen consumed is not used primarily to supply 
energy directly to the cells but for the oxidation of products in the medium. 
The oxidation of the products in the medium and the release of materials 
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into the medium from the disintegration of the dead cells seem to increase 
the fitness of the medium for the yeast. The population then increases 
(second cycle of growth) because less cells are killed. The percentage of 
cells budding shows little regular change during the two cycles of growth. 5 
The oxygen uptake for the first few hours occurs gradually, indicating that 
the “bottom’* yeast used in this investigation did not absorb the oxygen as 
did the “top” yeast used by Brown (1). 

A curve showing the rate of carbon dioxide production of a series of 



Figs. 3 and 4. The average carbon dioxide j>roduction of the yeast. Fig. 4 (insert). 

The resj)iration quotient of the yeast. 

four experiments appears in figure 3. To obtain this curve ordinates from 
an average curve for the observed values of C0 2 -0 2 were added to the 
ordinates of the corresponding 0 2 consumption curve. Since the values of 
individual experiments are in good agreement only the average curve is 
plotted. The facts that the scales in figures 1 and 3 are different, and that 
the carbon dioxide produced greatly exceeds the oxygen consumed, must be 
noted when comparing those two figures. 

The rate of carbon dioxide production increases rapidly until about 45 
hours after seeding and then decreases until an equilibrium is reached at 
70 hours. The decrease in carbon dioxide production precedes the equi¬ 
librium in growth at the end of the first cycle. The carbon dioxide probably 
omes largely, if not entirely, from the fermentation of sugar. 6 The yeast 

5 A detailed description of the changes in the culture medium will be published by 
Bichards. 

e About 75 per cent, of the sugar in the medium is used up by 60 hours. (Cf. also 
Bicharus, 7.) 
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used in these experiments is a bottom yeast and is growing in a medium 
favoring growth rather than fermentation. The products of fermentation 
decrease the population by selectivity, eliminating the larger buds before 
they can become resistant (Richards, 8). Consequently, the resulting 
waste products negate somewhat the energy derived from the fermentation. 

In view of the great amount of work on the respiratory quotient of cells 
and tissues it is of interest to calculate the values of C0 2 /0 2 for yeast. The 
curve, fig. 4, plotted from these values reaches a maximum of 41.7 at 40 
hours and then decreases to zero. 7 Toward the end of the second cycle gly¬ 
cogen is stored in the cell and the sugar in the medium is almost gone. 
There is, however, some change in the nitrogen content of the medium indi¬ 
cating metabolism of this material. This prevents any simple measure of 
the energy used by the cell from the oxygen entering the medium and the 
carbon dioxide liberated from the medium. 

A series of experiments at a lower temperature (about 20° C.) indicates 
that the highest points on the oxygen and carbon dioxide rate-curves appear 
later and are reached more gradually than at 28°. The changes associated 
with different temperatures have not yet been sufficiently studied to war¬ 
rant a more detailed comparison at this time. 

Summary 

1. The curves for the rate of oxygen consumption and carbon dioxide 
production of a population of yeast have been compared with the first two 
cycles of growth during 130 hours after seeding the culture. The cells 
were grown in William's medium at 28.2-28.3° C. 

2. The growth rate in the first cycle in these experiments is greatest at 
32 hours and the population reaches an equilibrium number at 60 hours. 
At about 72 hours the population of cells increases again until a second 
equilibrium is reached at about 90 hours. The rate of growth during the 
second cycle is greatest at 78 hours. 

3. The rate of oxygen consumption reaches its maximum at about 65 
hours after seeding during the equilibrium between the first and second 
cycles of growth. This suggests that the oxygen is used mainly to oxidize 
products in the culture medium. The rate of oxygen consumption de¬ 
creases slowly and tends to reach an equilibrium at the end of the experi¬ 
mental period. The production of carbon dioxide is very great during the 
first cycle of growth (25-60 hours after seeding) but decreases as the sugar 
of the medium is fermented. 

Osborn Zoological Laboratory, 

Yale University, New Haves, Connecticut, and 
The Marine Biological Laboratory, 

Woods Hole, Massachusetts. 

7 This is a little less than the values of 60-100 given by Meyerhof (4), and would 
place this yeast intermediate between the beer and the pressed yeasts. 
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EFFECT OF HOT-WATER TREATMENT ON THE CARBO¬ 
HYDRATE CHANGES IN NARCISSUS BULBS 
DURING STORAGE 

Heinrich Hasselbring 

Introduction 

Since the work of Ramsbottom (17, 18) in England and van Slogteren 
(20, 21, 22) in Holland, who adapted and applied the Jensen hot-water 
treatment for grain smuts to narcissus and other flower bulbs for the 
destruction of eelworms, this treatment has come into wide-spread use for 
the destruction of animal parasites in dormant bulbs. In accordance with 
the disinfection requirements which have been in effect in the United States 
since January 1, 1926, all narcissus bulbs imported into this country and 
also those entering into interstate commerce are subjected to this treatment 
unless, after requisite inspection, they have been found free from bulb-fly 
larvae and eelworms. 

Aside from the destruction of eelworms and other animal parasites, 
European experience seems to indicate that the hot-water treatment itself 
has a stimulating effect on the growth of the bulbs (23), so that, according 
to van Slogteren (24), this treatment, first reluctantly employed in the 
combating of parasites, is now annually applied in Holland to large quan¬ 
tities of perfectly sound bulbs. In the United States also there is a current 
impression among florists that hot-water treatment, which does not result 
in direct injury to the bulbs, brings about an increased vigor. Griffiths 
(6), however, who also has noted this effect, is inclined to the belief that the 
favorable result is attributable entirely to the destruction of bulb mites. 

Some time before the hot-water treatment of bulbs for the destruction 
of animal parasites came into use it had become a common horticultural 
practice to immerse dormant plants in warm water for short periods in 
order to force them into early growth and flowering (10). This treatment 
has been found by Muller-Thurgau and Schneider-Orelli (13) to be 
followed by changes in the relative quantities of the different carbohydrates 
within the treated tissues. 

While the essence of the hot-watcr treatment is the same, whether 
applied to plants for the purpose of breaking the rest period or to bulbs 
for the destruction of parasites, there is a difference in the subsequent 
handling of the material. Plants or plant organs treated for the purpose 
of breaking the rest period are placed under forcing conditions immediately 
after the treatment, whereas bulbs which at some time during their summer 
dormancy are treated for parasites usually remain in storage for a time 
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before they are planted. It was of interest, therefore, to study the carbo¬ 
hydrate transformations in treated and in untreated bulbs during storage 
in order to determine whether the hot-water treatment of bulbs which sub¬ 
sequently remain dormant for a time produces on the carbohydrate con¬ 
stituents any persistent effect which might be correlated with the later 
behavior of the plants during growth. 

The work was carried out with the cooperation of Dr. David Griffiths, 
Senior Horticulturist in charge of Bulb-Culture Investigations, in the 
Bureau of Plant Industry, U. S. Department of Agriculture. Through 
Doctor Griffiths it was possible to obtain narcissus bulbs of constant 
variety and known cultural history, which were practically free from para¬ 
sites and diseases. 

Preparation and mode of storage of the bulbs 

The bulbs used in this work were of the self-colored trumpet variety 
King Alfred of Narcissus pseudo-narcissus L. They were harvested at the 
Arlington Experiment Farm, at Rosslyn, Virginia, on June 28, and allowed 
to dry in a loft until July 8. On that day they w T ere freed from tops, roots, 
and loose scales. The following day they were washed and spread out on 
large-meshed wire screens to dry over night in the breeze from electric fans. 
The next morning, July 10, the bulbs were sorted into lots of 45 each, in 
such manner that each lot graded as nearly alike as possible, from the largest 
to the smallest bulb. The lots, weighing about 2.2 kilograms each, were 
put into mosquito-net bags, which were spread out in a single layer on wire 
screens in the storage room. The next day, July 11, after the material had 
come into equilibrium with the room temperature, the bags were weighed. 
On July 12 the first set of four bags was taken to the laboratory and pre¬ 
pared for analysis. Every two weeks thereafter four of the remaining bags 
were used for analysis. All the bags in storage were weighed every two 
weeks in order that the carbohydrate changes might be based on the original 
weight of the bulbs. 

On August 10, the day after the third sampling, one-lialf of the remain¬ 
ing bags was heat-treated by submergence for three hours in a stirred water- 
bath at {i constant temperature of 43.5° C. These bags were then hung up 
over night to dry in the breeze from electric fans. The next day they were 
replaced in storage. 

With the exception of slight temporary changes caused by opening the 
door, the storage room remained at a temperature of 17 zt 0.25° C. The 
relative humidity ranged from 67 to 70 per cent, of saturation. 

Analytical methods 

In the preparation of the bulbs for analyses, the dry scales, tips, and the 
dry parts of the bases were removed. The bulbs were cut longitudinally 
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into two to six pieces, which were thoroughly mixed and ground in a meat 
chopper. As the dough-like mass coming from the machine could not be 
readily mixed or quartered it was returned to the hopper in small portions 
taken from different parts of the mash and reground. Prom the mass thus 
mixed, samples for analysis were weighed out. For moisture determina¬ 
tion, samples of approximately 10 gm. were accurately weighed in weighing 
bottles and covered with absolute alcohol. After this had been evaporated 
at 60° C., the samples were dried at 70° and 16 mm. pressure in a slow 
current of dried air. 

Twenty-five-gram samples for sugar determinations were washed into 
beakers with 100 ml. of 95 per cent, alcohol. Five-tenths of a gram of 
calcium carbonate was added to each sample. The beakers were heated to 
boiling for a few minutes and allowed to stand for 10 days, whereupon the 
alcohol was decanted into 250-ml. volumetric flasks. The residues were 
covered with absolute alcohol, and allowed to stand over night in a desic¬ 
cator. The material thus hardened was ground in a mortar and extracted 
once by boiling with 70 per cent, alcohol, and for two periods of eight hours 
each in Soxhlet extractors. 

This procedure was adopted after some preliminary experimentation 
during which it was found that interfering substances in the bulbs made the 
quantitative separation of the sugars difficult. The course of the sugar 
extraction in these preliminary experiments is given here. The percentages 
of the total extracted sugar found in the separate fractions of the extract 
were 58.98 in the storage alcohol; 39.90 in the filtrate from extraction by 
boiling; 0.60 in the first Soxhlet extract; 0.18 in the second Soxhlet extract; 
0.06 in the third Soxhlet extract; 0.10 in the fourth Soxhlet extract; 0.07 in 
the fifth Soxhlet extract; 0.09 in a final extract made by boiling. 

Each figure is the average of six determinations. In the regular work 
the extraction was terminated with the second Soxhlet extract. 

The reductions were carried out essentially as described in a former 
paper (7). 

Ten-gram samples for starch determinations were covered with 100 ml. 
of absolute alcohol and stored in flasks whose stoppers were sealed with 
paraffin. Ultimately the samples were ground in a mortar, transferred to 
porcelain extraction thimbles, and extracted with 500 ml. of cold 70 per 
cent, alcohol added in 10-ml. portions. Acid-hydrolyzable substances in 
the residues were determined by the acid-hydrolysis method of Sachsse 
(19). This fraction is regarded as starch in the subsequent discussion. 

All the data on carbohydrates were calculated in terms of grams of 
hexoses, in the equivalent at the different dates of sampling, of 100 grams 
of fresh bulbs at the beginning of storage. The calculation in case of each 
bag analyzed was based on the loss of weight of that particular bag from the 
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day it was placed in storage until the day of analysis. Within the limits 
of the sampling error the figures are therefore all directly comparable. 

For the purpose of finding the shrinkage of the bulbs during storage 
the bags were arbitrarily divided into two lots, the odd-numbered bags form¬ 
ing one lot and the even-numbered the other. The even-numbered lot con¬ 
tained the bags later to be treated with hot water. The shrinkage for each 
lot was determined separately, but in each case on a decreasing number of 
bags, since after each weighing two of each lot were used for analysis. The 
results showing the shrinkage on the basis of 100 gm. of fresh bulbs at the 
beginning are given in table I. 

TABLE I 

Shrinkage of 100 grams or narcissus bulbs at different dates during storage 


Treatment of bulbs 

July 11 

July 25 

August 8 

August 

22 

Septem¬ 

ber 

5 

Septem¬ 

ber 

19 


gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

Untreated . . 

100 

96.97 | 

95.07 

93.49 

92.51 

91.34 

Heat-treated Aug. 10 

100 

97.00 

95.07 

*93.22 

*91.36 

*89.33 


* These figures represent the heat-treated lots. 


It is evident from these figures that after the hot-water treatment the 
treated bulbs lose weight at a greater rate than the untreated bulbs, so that 
the difference in loss becomes greater with advance of the storage season. 
Although Muller-Thurgau and Sciineider-Orelli (13) and Iraklianoff 
(9) found that a temporary warming of dormant plant organs results in a 
passing increase in respiration, the greater loss in the treated bulbs can 
scarcely be attributed to this effect, for the excess loss of the treated bulbs 
over the untreated is about two grams for 100 grams of original fresh 
weight, while the difference in loss of total carbohydrates is only about 
three-tenths of a gram. 

The greater loss in the treated bulbs is, therefore, chiefly due to greater 
loss of water. However, the moisture determinations given in table II 
show that there is no decrease in the moisture content of the living tissues 
of the bulbs during storage under the conditions of this experiment, but 
rather a slight increase caused by the accumulation of water of metabolism. 
The actual loss of water is apparently confined to the outer scales, which 
after exhaustion of their contents become brown and papery. It seems 
that the treated bulbs lose more water in this way than the untreated bulbs. 

The starch changes occurring in the bulbs during storage are given in 
table III, which shows that there is a gradual decrease of starch during the 
entire storage season. After the hot-water treatment the loss from the 




HASSELBRING : CARBOHYDRATE CHANGES IN NARCISSUS BULBS 149 


TABLE II 

Moisture content of narcissus bulbs at different periods during storage 


July 12 . 

per cent. 
67.12 

per cent. 
67.09 

per cent. 
66.67 

per cent. 
66.91 

July 26 . 

66.24 

66.80 

66.66 

66.74 

August 9 . . . 

67.40 

68.19 

67.93 

67.92 

August 23. 

67.55 

67.40 

*67.89 

*67.24 

September 6 . 

67.30 

67.37 

*67.62 

*67.66 

September 20 . 

67.45 

67.04 

*67.19 

*67.16 


* These figures represent lots heat-treated Aug. 10. 


treated bulbs is greater than that from the untreated. The loss of starch, 
in terms of dextrose, for 100 gm. of fresh bulbs at the beginning of storage, 
is 2.55 gm. for the untreated bulbs, and 3.15 gm. for those treated in the 
middle of the season. These figures are based on a comparison of the 
average of four samples at the beginning of storage with the average of two 
treated and two untreated, respectively, at the end of storage. The treated 
bulbs, therefore, lost for 100 gm. of original fresh material the equivalent 
in starch of six-tenths of a gram of dextrose more than the untreated. 

TABLE III 

Starch, as dextrose, at the different sampling dates, in the equivalent of 100 

GRAMS OF ORIGINAL FRESH BULBS 



gm. 

gm. 

gm. 

gm. 

July 12 

23.67 

24.14 

24.29 

24.05 

July 26 

24.07 

23.39 

23.67 

23.43 

August 9 

23.01 

22.58 

22.16 

22.87 

August 23 

22.21 

22.35 

*21.74 

*21.86 

September 6 

21.58 

22.05 

*20.91 

*21.16 

September 20 

21.65 

21.34 

*20.86 

*20.94 


* These figures represent lots heat-treated Aug. 10. 


The transformation of starch is first reflected in the increase of reducing 
sugars. The changes in these shown in table IV follow a very definite 
trend. During the first four weeks of storage, before any of the bulbs have 
been treated with hot water, there is a well-marked increase in reducing 
sugars. Thereafter, in the untreated bulbs the reducing sugars decrease 
until the end of the storage season, when the reducing-sugar content is 
scarcely above that of the bulbs at the beginning. In the treated bulbs, 
immediately after the hot-water treatment, the reducing-sugar content rises 
and remains for some time above that of the untreated bulbs, but finally 
falls back to the same level as in the untreated bulbs. This observation is 
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TABLE IV 

Reducing sugar determined as invert sugar in the presence op sucrose, at the 

DIFFERENT SAMPLING DATES, IN THE EQUIVALENT OF 100 GRAMS OF 
ORIGINAL FRESH BULBS 



gm. 

gm. 

gm. 

gm. 

July 12. 

0.26 

0.23 

0.22 

0.21 

July 26. 

0.28 

0.27 

0.27 

0.30 

August 9 . 

0.31 

0.35 

0.39 

0.31 

August 23 . 

0.29 

0.30 

*0.36 

*0.36 

September 6. 

0.27 

0.28 

*0.31 

*0.31 

September 20 . 

0.26 

0.27 

*0.26 

*0.26 


* These figures represent lots heat-treated Aug. 10. 


in accord with the results of experiments of Muller-Thurgau and 
Schneider-Orelu (13), according to which hot-water treatment tem¬ 
porarily increases, under some conditions, the reducing-sugar content of 
Convallaria pips over those not treated. 

Data in table V relating to sucrose changes show that increase in sucrose 
takes place chiefly during the last six weeks of storage coincident with the 
disappearance of reducing sugar. During the first four weeks there is no 
increase. After hot-water treatment the gain in the treated bulbs is greater 
than that in the untreated. 


TABLE V 

Sucrose, determined as invert sugar, at the different sampling dates, in the 

EQUIVALENT OF 100 GRAMS OF ORIGINAL FRESH BULBS 



gm. 

gm. 

gm. 

gm. 

July 12 . . . 

3.11 

3.05 

3.19 

3.12 

July 26 

3.09 

3.08 

3.17 

3.13 

August 9 . 

! 3.13 

3.02 

3.03 

3.10 

August 23 . 

3.27 

3.26 

*3.46 

*3.69 

September 6 .. . 

3.47 

3.54 

*3.72 

*3.74 

September 20. 

3.54 

3.55 

*3.86 

*3.86 


* These figures represent lots heat-treated Aug. 10. 


The carbohydrate changes in the bulbs stored under the conditions 
described are like those generally occurring in other starchy plant organs 
during dormancy. The essential feature of these changes is a gradual 
transformation of starch into sucrose. As is usually the case, at the rela¬ 
tively high temperature at which the narcissus bulbs were stored, the 
changes proceed slowly so that the total transformation is not great. The 
changes are accelerated in bulbs treated with hot water at some time during 
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their summer storage. The effect of this more rapid transformation is not 
lost, but persists until the end of the season. 

The possible influence of the accelerated changes in the treated bulbs 
on their subsequent growth may be considered as bearing a certain relation 
to the accumulation of sugar in plant parts as a result of treatments that 
break the rest period. 

Experimental results differ as to the effect of an increase of sugar, in 
itself, in stimulating the growth of dormant organs, but it seems evident 
from Pfeffer's (15) critical analysis of the problem, as well as from the 
work of MItller-Tiiurgau (11, 12) and of Appleman (1) with potatoes, 
that both internal and external factors are concerned in inhibiting the 
growth of buds. According to Muller-Thurgau's view growth begins as 
soon as the internal limiting factors, withholding the sugar supply from the 
buds, cease to exist. The direct injection of sugar has in many cases, but 
not always, been found to give favorable results. Howard (8) found that 
buds of Crataegus macracantha, Fraxinus excelsior, Quercus pedunculata, 
and Q. rubra showed growth when injected with distilled water or with 
sugar solution. In Crataegus and Fraxinus the effect of the sugar solution 
was somewhat greater than that of water. Buds of Aesculus flava showed 
no growth with sugar solution, but after 27 days gave slight growth without 
expanding of the leaves when injected with water. Increasing the sugar 
content of twigs by immersing them in a two or a four per cent, glucose 
solution or by injecting the solutions directly into the buds was found by 
Boresoh (2) to start the buds of Corylus avellana, Tilia grandifolia, and 
Acer pseudoplatanus into growth earlier than those similarly treated with 
water. He concludes that even a slight increase of glucose in the tissues is 
sufficient to bring about earlier growth. Denny, (4, 5), however, found 
that, although reagents that were effective in breaking the rest period of 
potatoes also increased the sucrose content of the tubers, soaking the tubers 
in sucrose solution or injecting it into their tissues did not hasten sprouting. 
That treatments which promote growth are not always accompanied by an 
increase in the sugar content of the treated tissues is shown by the experi¬ 
ments of Muller-Thurgau and Schneider-Orelli (14) with Convallaria 
pips and with lilacs. 

Since heat treatment of resting plant organs is very generally effective 
in starting them into growth, it may be assumed that the primary changes 
leading to growth are accelerated in narcissus bulbs by the hot-water treat¬ 
ment. The immediately apparent result of this treatment is an increased 
starch hydrolysis with a corresponding increment in sucrose which persists 
until the end of the storage season. At the time of planting, the treated 
bulbs contain more readily soluble carbohydrates than the untreated ones. 
This greater supply of immediately available reserve food may result in 
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the better development of treated bulbs observed by growers, even though 
the stimulating effect of the hot-water treatment itself is not latently pre¬ 
served, as MiJLLER-THURGAu and Sciineider-Orelli (14) have found with 
Convallaria pips stored subsequent to treatment. It is of interest to point 
out that the initial changes during storage are of the same general nature as 
those taking place during the subsequent growth of the plants, as shown by 
the investigations of Christensen (3) and of Marianne Pinkhof (16) on 
the growth of tulips. That Christensen could not correlate the extent to 
which these changes had proceeded before planting with the ease with which 
bulbs planted in October, December, and January, respectively, could be 
started into growth, scarcely bears on the question, since the bulbs at these 
widely separated dates could not have been otherwise comparable. 

Summary 

The changes taking place in narcissus bulbs stored at 17° C. may be 
briefly summarized as follows: 

Untreated bulbs under the conditions of storage described in this paper 
lose about nine per cent, of their weight during a storage period of ten 
weeks. Bulbs heat-treated at about the middle of the storage season by 
immersion for four hours in water at 43.5° C. lose about eleven per cent, of 
their weight during the entire storage period. The greater loss of the 
treated bulbs probably arises from the fact that in these more of the outer 
scales become dry and brown than in the untreated bulbs. 

Both in treated and in untreated bulbs there is a gradual loss of starch 
during the entire storage season. The loss becomes greater in the treated 
bulbs after treatment. 

Reducing sugars increase gradually until about the middle of the storage 
season and then recede practically to the original quantity. The temporary 
increment is greater in the treated than in the untreated bulbs. 

Sucrose undergoes scarcely any change during the first four weeks of 
storage, but thereafter increases until the end of the season. The sucrose 
content of the treated bulbs becomes greater than that of the untreated. 
The difference persists until the end of the storage period. 

In the» treated bulbs the metabolic processes are loosed or accelerated to 
a greater extent than in the untreated bulbs, so that at the time of planting 
the treated bulbs are not only more active in internal changes than the 
untreated bulbs, but also are supplied with a greater proportion of readily 
available carbohydrates. This state, it would seem, may enable the treated 
bulbs to get an earlier start or make a more active growth when planted. 

Bureau of Plant Industry, 

TJ. S. Department of Agriculture, 

Washington, D. C. 
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CATALASE ACTIVITY IN TOMATO FRUITS AT DIFFERENT 
STAGES OF THEIR DEVELOPMENT 1 


Felix G. Gustafson, Inez Clark, Daniel A. Shaw 
and Edna Warweg 

(with one figure) 

Ever since its discovery by Loew catalase lias been the cause of much 
speculation and investigation. During the thirty years since its discovery 
several hundred papers have been written concerning it, and we are still 
wondering whether its sole function is that of breaking down hydrogen 
peroxide into water and oxygen, or whether it has other yet unknown func¬ 
tions to perform. Because of the already profuse literature on the subject 
the briefest possible statements concerning the experiments performed will 
be given in this paper. Readers interested in the literature are referred to 
the paper by Battelei and Stern (2) in 1910 and one by Morgueis (5) 
in 1924. Each of these has a very extensive bibliography. 

For several years the senior author has been investigating the growth 
and respiration (3, 4) of tomato fruits. In this connection it was thought 
profitable also to make some catalase determinations on similar fruits, and 
find out whether there was any correlation between growth, respiration and 
catalase activity. Hence the catalase determinations here recorded. 

The method of determining the catalase activity was the same as that 
employed by Appleman (1). Fruits were sliced and placed in a saturated 
solution of CaC0 3 and left there a few minutes, and then ground in a food 
chopper. The juice was filtered through glass wool to free it from the pulp. 
One cc. of this juice was placed in a bottle (the reaction chamber) and 
one cc. of distilled water was added to this. The reaction chamber as well 
as the bottles containing the juice and the container of H 2 0 2 were kept at 
20° C. in a constant temperature bath, which did not vary more than half a 
degree either way. When the apparatus had been adjusted, 5 cc. of neutral 
H 2 0 2 was added to the reaction chamber, which was then constantly shaken 
by hand. Readings of the oxygen liberated were taken every minute for 
five minutes. The total amount of oxygen liberated for the five minutes is 
used in calculations throughout this report. There was of course the usual 
dropping off of oxygen liberation as time went on. 

The fruits used for these experiments were for the most part grown in 
the greenhouse, though a few were grown out-doors. The experiments were 
conducted at four different times by three different individuals, who before¬ 
hand were not familiar with the results obtained by the others. Thus the 

i Paper from the Department of Botany of the University of Michigan, no. 342. 
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results have been checked several times. All determinations were made in 
duplicates. 

By percentage of growth is meant the percentage increase in diameter 
per day. This was determined by measuring with a micrometer two diam¬ 
eters at right angles to one another and at right angle to the axis running 
through the fruiting stem. In most of the experiments the fruits were 
measured every three or four days for a long period of time, thus obtaining 
a growth curve. In a few of the later experiments, the fruits were measured 
only twice, twenty-four hours apart, the second measurement being made 
when the fruits were picked. Gustafson (3) has shown that diameter 



Fig. 1. This graph is plotted from the data given in tables I, II, III and IV. On 
the left of zero point are denoted different stages in ripeness of the fruits, while on the 
right of the zero are the percentages of growth the fruits made during the day preceding 
their picking. In designating ripeness a more or less arbitrary method has been used 
in noting colors: yg means yellow-green, yo yellow-orange, o orange, ro red-orange, or 
orange-red and r red-ripe. The figures are averages of the oxygen, liberated in each 
group of experiments for the corresponding color or percentage of growth. The position 
of each point on the abscissa was determined by taking the average growth of all the 
fruits used in each group of experiments within ranges of every two per cent. The 
circles with a cross through them denote the data for the March-May, 1929, experiments, 
the plain circles data for the June-August, 1929, experiments, the circles with a per¬ 
pendicular line through them the January-February, 1930, experiments and the circles 
with a horizontal line the May-June, 1930, experiments. 
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measurement is a perfectly satisfactory method of determining growth of 
a fruit. The John Baer tomato was used throughout this investigation. 

The first experiments were conducted during March-May, 1929. Dur¬ 
ing this period sixty-three determinations (in duplicate) were made in 
which sixty-nine fruits were used. The more rapidly growing fruits were 
quite small and several fruits were used in each determination. The data 
from this group of experiments are given in table I and figure 1. 


TABLE I 

Catalase activity determined March-May, 1929 


Range (state 
or ripeness or 
percentage of 
growth) 

Average 
GROWTH IN PER¬ 
CENTAGE WITHIN 

RANGE 

Number of 

EXPERIMENTS 

Total num¬ 
ber of 
fruits 

Average amount 

OF OXYGEN 
LIBERATED IN 

5 MINUTES 

Red . 

per cent. 

8 

8 

CC. 

1.06 

Orange-red 

\ 

5 

5 

2.64 

Red-orange 


5 

5 

3.28 

Yellow-green 


7 

7 

2.73 

© 

1 

O 

1.33 

12 

12 

3.65 

2.1- 4.0 

2.83 

11 ' 

11 

5.03 

4.1- 6.0 . 

4.0 

4 

4 

4.56 

o 

00 

1 

6.9 

3 

3 

4.4 

10.1-12.0 

10.6 

3 

5 

| 3.9 

12.1-14.0 

12.7 

2 

3 

3.28 

16.1-18.0 

36.9 

3 

2 

2.6 

18.1-20.0 

18.7 

2 

4 

3.48 


During the following June-August one hundred and seven more deter¬ 
minations were made in which one hundred and forty-eight fruits were 
used. Eleven of these experiments, using twenty-six fruits, were con¬ 
ducted with fruits grown out-doors. When fruits of the same growth rates 
are compared from the two sources there is no evident difference in the 
catalase activity. These determinations are given in table II and figure 1. 

In January and February and again in May and June, 1930, more deter¬ 
minations were made. This time most of the determinations were made on 
rapidly growing fruits and only enough on the ripening and slow growing 
fruits to obtain an idea of the general behavior of these fruits. The first 
two groups of experiments gave different results for the rapidly growing 
fruits and it was thought very desirable to repeat this part of the experi¬ 
ments as extensively as possible. In the January-February lot, of the 
fifty-six fruits used thirty were growing at a rate greater than four per 
cent, and in the May-June lot, twenty-six out of thirty-eight were increasing 
at a rate greater than four per cent, for twenty-four hours, while in the first 
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TABLE II 

Catalase activity determined June-August, 1929 


Range (state 

OF RIPENESS OR 
PERCENTAGE OF 
GROWTH) 

Average 

GROWTH IN PER¬ 
CENTAGE WITHIN 
RANGE 

Number of 
EXPERIMENTS 

Total num¬ 
ber of 

FRUITS 

Average amount 

OF OXYGEN 

LIBERATED IN 

5 MINUTES 

Red , 

per cent. 

8 

8 

cc. 

1.48 

Orange-red 


5 

5 

2.53 

Orange 


11 

11 

2.50 

Orange-yellow 


4 

4 

2.60 

Yellow-green 


13 

13 

3.00 

0 - 2.0 

0.7 

19 

19 

4.41 

2.1- 4.0 

2.6 

7 

7 

3.52 

4.1- 6.0 

5.7 

5 : 

5 

10.81 

6.1- 8.0 

7.3 

9 

17 

11.11 

8.1-10.0 

8.8 

6 

10 | 

10.37 

10.1-12.0 

10.6 

7 | 

17 

11.72 

12.1-14.0 

12.9 

7 , 

15 

| 11.74 

14.1-16.0 

15.4 

0 

~ | 

8 

11.83 


18.8 

i ; 

3 

14.85 

10.1-22.0 

21.2 

2 

3 

13.27 

* 

26.0 

1 

3 

15.22 


group of determinations only twenty-one out of sixty-nine grew that rap¬ 
idly. The January-February and May--June determinations are given in 
tables IIT and IV as well as in figure 1. 

TABLE III 

Catalase activity determined January 31-Fkbruary 10, 1930 


Range (state 

OF RIPENESS 0<R 
PERCENTAGE OF 
GROWTH) 

Average 

GROWTH IN PER¬ 
CENTAGE WITHIN 
RANGE 

Number of 
EXPERIMENTS 

Total num¬ 
ber of 
fruits 

Average amount 

OF OXYGEN 
LIBERATED in 

5 minutes 

Red . 

per cent . 

3 j 

3 

cc. 

0.86 

Orange 


3 ! 

3 

1.85 

Pink-green 


3 

3 

3.46 

o 

o 

1.4 

7 

11 

3.6 

2.1- 4.0 

3.49 

3 

6 

4.09 

4.1- 6.0 

4.91 

3 

6 

6.95 

6.1- 8.0 

6.89 

3 

6 

8.06 

8.1-10.0 . .. . 

8.8 

3 

7 

7.85 

10.1-12.0 . . .. 

10.6 

2 

6 

7.88 


12.8 

1 

5 

11.6 
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TABLE IV 

Catalase activity determined May 26- June 4, 1930 


Range (state 
or rifeness or 

PERCENTAGE OF ! 
GROWTH) 

Average 

GROWTH IN 
PERCENTAGE 
WITHIN RANGE 

Number or 

EXPERIMENTS 

Total num¬ 
ber or 

FRUITS 

Average amount 
or oxygen 

LIBERATED IN 

5 MINUTES 

Red 

per cent . 

2 

2 

CC . 

1.35 

Orange . 


2 

2 

1.53 

Yellow ... . 


2 

2 

1.95 

o 

i 

o 

0.95 

1 

1 

1.90 

2.1—4.0 

2.62 

2 

5 

4.67 

4.1-6.0 

5.15 

2 

I 5 

5.15 


8.96 

1 

; 5 

7.35 


12.54 

1 

8 

8.82 


15.77 

1 

1 8 

9.80 


A glance at the graph shows that the amount of oxygen liberated by the 
fruits growing more rapidly than 4 per cent, per day was less than that 
liberated by those growing between 2 and 4 per cent, in the first group of 
experiments. In the last three groups of experiments there was a general, 
though irregular, increase in amount of oxygen liberated as the rate of 
growth increased. In other words as growth decreased catalase activity 
also became less. During the ripening process there seems to be a slightly 
lower activity in the yellow-orange and orange fruits than in the red-orange 
and red ones. If the graph, with the exception of the data from the first 
group of experiments for fruits growing more rapidly than 4 per cent., is 
compared with figure 3 in the paper by Gustafson (4) on respiration of 
tomato fruits, one finds a general agreement between catalase activity and 
respiratory rate. 

We have no explanation to offer for the divergence of the results for 
group one experiments with fruits growing over 4 per cent. Experiments 
have been conducted at all times of the year for two years. The fruits have 
come from plants both old and young, grown in the greenhouse and outside, 
yet only in this group of experiments did we get this low rate of catalase 
activity. Within themselves these aberrant determinations agree very 
closely, so it does actually seem as if they were not errors of sampling, as 
it would be rather hard to assume that the fruits collected over a period 
of nearly three months could all have been of a peculiar nature different 
from the normal fruits. Yet it seems very strange that we should not have 
run into these fruits at other times, but we never have. They are included 
in this paper even though they seem out of place, because we do not feel that 
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experimental data should be suppressed merely because they do not fit in 
with the remainder. 

In some of the fruits there is a slight indication that catalase activity 
is highest during the summer, but there is not enough evidence to be at all 
certain. From a few experiments a definite indication has been obtained 
that if two fruits having the same growth rate at the time of picking are 
used they will show a difference in catalase activity if one is still increasing 
its growth rate while the other is slowing down. The one that is on the 
ascending side of maximum growth has a higher catalase activity than the 
one that is past its maximum growth rate. From this one might argue that 
the catalase increase precedes increased growth rather than follows or accom¬ 
panies it, and that catalase may in some way influence the rate of growth. 
This line of thought is however too dangerous to follow when based on as 
meager evidence as we have. It is much safer merely to state that respira¬ 
tion, growth and catalase activity go hand in hand and not try to assign 
any causal relation. 

Our experiments then agree with those of some other investigators who 
have found that high catalase activity accompanies a high growth and 
respiratory rate. 

Department of Botany, 

University of Michigan. 
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EFFECT OF BORON ON THE GROWTH OF LETTUCE 1 
J. 8 . McHargue and R. K. Calfee 
(with one figure) 

The results of a number of investigations on the influence of the less 
common elements on the growth of plants have shown boron to be essential 
for the normal growth and maturation of several varieties of green plants. 
A definite type of injury results in some species of plants from a deficiency 
of this element in the medium in which the plants are grown. The quan¬ 
tities required for normal growth have been reported as extremely small 
and a slight excess is toxic for those plants which have been tested. Sommer 
and Lipman (3) concluded from their experiments that one-half part per 
million of boron is sufficient for the normal growth of most plants. They 
also presented evidence which shows that boron is necessary for the normal 
growth of a number of species of green plants. Johnston and Fisher (1) 
found that boron in minute quantity is necessary for the growth and the 
fructification of the tomato plant, and that it is required throughout the 
growing period, an inadequate supply resulting in retarded growth, and in 
injury to the fruit. The investigations of Swanback (4) showed boron to 
be essential for the normal growth of tobacco, a deficiency of this element 
resulting in a stunting of the plants, and in serious injury to the growing 
points. Previous work by McHargue and Shedd (2) showed that boron is 
essential for the growth of oats. 

The effect on the growth of lettuce produced by a lack of boron was 
investigated by growing plants in a medium free from this element. The 
medium was prepared by mixing purified basal mineral nutrients with 
purified sand in the following proportions: 


Purified sand (Si0 2 ) . 1000.00 Gm. 

Potassium dihydrogen phosphate (KH 2 P0 4 ). 1.00 “ 

Calcium nitrate (Ca(NOg,) 2 * 4H 2 0) . 0.75 “ 

Potassium nitrate (KNO a ) . 0.5 “ 

Magnesium sulphate (MgS0 4 *7H 2 0) . 0.5 “ 

Potassium chloride (KC1). 0.25 “ 

Potassium sulphate (K 2 S0 4 ) . 0.5 “ 

Hydrous ferric oxide (Fe(OH) 3 ). 1.0 “ 

Distilled water (H 2 0) . 200.0 


Each of these chemical compounds was tested qualitatively and found 
to be free not only of boron, but also of manganese, copper, zinc, cobalt, 

i Contribution from the Department of Chemistry of the Kentucky Agricultural Ex¬ 
periment Station. Published by permission of the Director. 
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nickel, barium, strontium, lithium, and arsenic. The sand was prepared 
by digesting it with hot hydrochloric acid in a large porcelain dish and then 
washing it free from chlorides. The distilled water used for the growth of 
the plants was condensed in a quartz tube. Acid-proof pots which had been 
previously washed with hydrochloric acid, autoclaved, and rinsed with dis¬ 
tilled water were used in growing the plants. 

For experimental cultures, five kilograms of the purified basal medium 
was placed in each pot. The total weight was recorded and the moisture 
content kept at 20 per cent, through the growing period by the addition of 
distilled water until the required weight was reached. 

Six pots containing six plants each of Big Boston head lettuce w r ere 
included in the first experiment. A good germination of the seeds was 
obtained and a rapid growth was made by the young plants for the first tw r o 
weeks. Growth during the third week was slower, and towards the latter 
part the newer leaves were noticeably lighter in color. The plants at this 
time had produced 10 to 12 additional leaves. At the beginning of the 
fourth week a few dark spots appeared on the tips of the younger leaves. 
These spots continued to increase in size and number, spreading along the 
ma rgin of the leaves. All plants from which boron was withheld were 
affected in this manner. In a few days after the appearance of the spots 
the growing points died and turned black, giving the plants a badly burned 
appearance. The younger leaves continued to die, and in a few more weeks 
the entire plant was dead. 



Fio. 1. The effect of boron on the growth of lettuce, other less common elements 
being present. Pots 1 and 3 contain no boron. The cultures in pots 2 and 4 received 
0.0025 gm. of boron. Leaf lettuce, Black-Seeded Simpson, is in pots 1 and 2, and Big 
Boston head lettuce is in pots 3 and 4. 


The presence of the disease at the same stage of growth in all plants 
indicated a nutritional deficiency rather than a disease of bacteriological 
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etiology. Microscopical examination of the tissue failed to reveal any patho¬ 
genic organisms. 

A second experiment consisted of negative control cultures, containing 
only the purified basal mineral nutrients; positive control cultures contain¬ 
ing, besides the basal minerals, small amounts of manganese, copper, zinc, 
iodine, arsenic, and boron; and cultures containing only the basal minerals 
and boron. Big Boston head lettuce was again used as the experimental 
plant. 

The growth of the negative control plants followed closely that of the 
plants in the first experiment. At the time the negative control plants 
developed the spots on their leaves, all plants receiving boron were normal 
and were considerably larger and greener in color. At the time all of the 
plants in the negative control cultures were dead, no plant receiving boron 
had developed any symptoms of any nutritional deficiency. 

A third experiment with twelve pots of leaf lettuce (Black-Seeded Simp¬ 
son) showed this plant also to develop the characteristic leaf injury when 
boron was absent. Treatments of various combinations of manganese, cop¬ 
per, zinc, nickel, cobalt, barium, strontium, iodine and arsenic failed to 
improve the condition. After the growing points of all plants were dead, 
a small amount of boron (0.003 gm.) in the form of calcium borate was 
added to each of six of the pots. Improvement was observed on the third 
day after this treatment. Dormant buds in the leaf axils started growth in 
all boron-treated cultures, and only in boron-treated cultures. The new 
leaves produced were normal in appearance. Rapid growth was made in 
all pots, and finally stalks which produced seeds developed. The plants in 
pots not treated with boron died, regardless of treatment with other ele¬ 
ments. Other varieties of lettuce tested with similar results were Iceberg 
and Mammoth Black-Seeded Butter. These varieties, also, were found to 
burn unless boron was present. 


Summary 

1. Three varieties of head lettuce and one of leaf lettuce required boron 
for normal growth. 

2. The deficiency of boron in cultures causes a burning of the leaves, and 
the death of the growing points of head and leaf lettuce at an early stage 
6f development. 

3. The function of boron in the metabolism of the lettuce plant is not 
performed by manganese, copper, zinc, nickel, cobalt, barium, strontium, 
iodine or arsenic. 
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MOVEMENT OP ORGANIC MATERIALS 3BJ PLANTS: A NOTE ON 
A RECENTLY SUGGESTED MECHANISM 1 

F. C. Steward and J. H. Priestley 

A recent paper by Crafts (1) discusses in an interesting manner the 
mechanism which effects rapid movement of organic solutes in the tissues 
external to the cambium. That such rapid movement, usually in a down¬ 
ward direction, does actually occur few will question. The general magni¬ 
tude of sugar and also of organic nitrogen movement has been estimated by 
Mason and Maskell to be of the order of physical diffusion in gaseous sys¬ 
tems rather than the much lower rates, possible by diffusion alone in 
aqueous systems. Such a problem clearly demands careful scrutiny of any 
theory regarding a possible physical mechanism, especially one elaborated 
with due regard to the histological nature of the tissues concerned. Crafts 
suggests a mechanism very similar to that of Munch (3) but is led by cer¬ 
tain interesting anatomical observations to suggest that the translocation 
proceeds not in the sieve tubes (the most striking, longitudinally specialized 
cells of the phloem) but principally along the cell walls of the whole phloem 
tissues including sieve tubes, companion cells and parenchyma. The 
mechanism is not analogous to diffusion as Mason and Maskell propose but 
is definitely dependent upon mass flow of solution in the cell walls. Crafts 
develops his theory as the result of a laudable attempt to decide anatomically 
the route offering least resistance to mass flow. The writers have every 
sympathy with such an anatomical approach but are equally clear that any 
apparent conclusions indicated on purely anatomical grounds must be in¬ 
terpreted strictly in accordance with physical principles and probability. 
AVe welcome the interesting contributions which Crafts has made to the 
histology of the phloem but it is the purpose of this note to show that some 
of the interpretations fundamental to the mechanism suggested are physi¬ 
cally inadmissible. 

Crafts* rejection of the sieve tubes as the path for translocation in 
favor of the cell walls is a distinctly novel feature. This follows principally 
upon the interesting observation that the total cross-sectional area of the 
phloem mounted fresh is composed of cell wall material in much greater 
degree than would be expected from preparations fixed and mounted in the 
usual manner. In the latter case it is shown that marked shrinkage of the 
wall occurs. The relative contributions of sieve tubes, pores in sieve plates, 
and the walls of all the phloem cells to the cross-sectional area of undried 
phloem were estimated by projection methods. Crafts arrives at the con- 
i From the Department of Botany, University of Leeds, England. 

m 
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elusion that, with due regard to the total area of sieve tubes, the presence 
of frequent sieve plates with small pores, and the hitherto unsuspected area 
of wall substance, the latter route would be the more efficient. This con¬ 
clusion is justified on two principal grounds: (1) The calculated pressure 
gradient required to transmit a probable sugar solution by mass flow along 
the sieve tubes at a rate sufficient to ensure the observed transfer of dry 
matter (a) along a potato stolon, (b) in the stenl of Cucurbita, (c) out of a 
leaf, are large (of the order of 20 atmospheres per meter). Similar calcu¬ 
lations indicate that the corresponding pressure gradients necessary to effect 
transfer along the cell walls of the phloem are quite small (of the order of 
1 x l(h 6 or 6 x 10~ 5 atm. per cm. and actually as low as 1.6 x 10' 8 atm. per 
cm. to secure transfer in a tree). (2) It is suggested that exudation stud¬ 
ies on cut phloem tissues indicate normal mass flow in the walls of the 
phloem of an order quite adequate to secure t^e observed transfer of organic 
nutrients. 

The most important argument is that based on the required pressure 
gradients along the sieve tube and walls respectively. The necessary cal¬ 
culations were based on the familiar Poiseuille relation between the rate of 


flow and the pressure gradient along a tube of uniform cross-section, the 
viscosity of the solution, and the dimensions of the tube under conditions 
of uniform, non-turbulent flow. It is the purpose of the writers to show 
that the use made of the Poiseuille relation is such as to arrive at quite 
incorrect conclusions. Crafts arrives by a rather devious series of calcu¬ 
lations at a figure for the pressure necessary to cause a mass flow at the 
required rate through the sieve pores of Cucurbita. In spite of the fact 
that the formula used is for uniform horizontal flow through a capillary 
this figure no doubt represents the order of pressure gradient required (20 
atmospheres per metre). However, it is compared with a pressure calcu¬ 
lated to represent that necessary to cause a mass flow at the required rate 
along the walls of the total phloem. It may be stated definitely that this 
pressure (1.5 x 10~ 5 atmospheres per cm.) has no relation whatsoever to the 
true pressure involved. The reason is fairly obvious. In this, as in all other 
cases where Crafts calculates pressure gradients necessary to cause mass 
flow along walls, he treats the total phloem wall area (or in the case of 
Cucurbita the wall area per bicollateral bundle) as a single pore. By vari¬ 
ous means this (the total wall area) was derived, and the radius of the 
equivalent circular area determined (see p. 18 and also p. 14, etc.). This 
radjus was then inserted in the Poiseuille relation in which r can legiti- 


mfately equal only the radius of a single capillary, thus:— P = 


8Rnl 

nr 4 
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where P = pressure in dynes per sq. cm. 

E = rate of flow in cc. per sec. through total phloem walls, 
n = viscosity of a 10 per cent, sugar solution. 

1 = length of gradient or tube in cm. 

r = radius of conducting element due to the walls of which 
the shearing forces are exerted. 

A = area of capillary through which flow takes place. 

Bj = linear rate of flow. 


After Orapts: 

E = E, x A 

8E t x A x n x 1 

P= 

8E, x^xnxl 

8E,nl 
P ~ r a 

where r = radius of circle equivalent to 
total phloem wall. 


Correct: 

ErEjXAxN Arrjir** 

__ 8E, xAxnxlxN 
P ~ nr* 

^ 8E, x jtrf x n x 1 x N 

P ~ «Tx 4 

p 8R, x N x n x 1 

where r, = radius of a single, circular, con¬ 
ducting element. 

N = number of such capillaries in total 
area through which flow proceeds. 


The resistance to flow through small pores depends on the shearing 
forces which are the result of steep velocity gradients in the moving liquid. 
The liquid in contact with the pore wall is theoretically at rest and that 
farthest from it has maximum velocity. In the Poiseuille expression for 
steady flow through a horizontal uniform circular capillary r represents 
the distance separating liquid surfaces at rest from that moving with maxi¬ 
mum velocity. By utilizing in Poiseuille’s expression the radius of the cir¬ 
cular area equivalent to the total phloem area and a derived linear rate of 
flow, Crafts in effect says that the theoretical liquid surface at rest in con¬ 
tact with the pore wall is separated from that of maximum velocity by a 
relatively large length—the radius of the circle equivalent in area to the 
total phloem wall—whereas if flow T did take place through the walls, it 
is clear that the true value should be of the order of half the mean 
wall thickness. In short, Crafts found the radius of the actual pores 
through the sieve plate, but when dealing with flow through the whole wall 
used a pore radius of a wrong order of magnitude. Since the formula de¬ 
mands — to the fourth power it is clear that the derived pressures are of 

a totally wrong order of magnitude. 

From the preceding formulae it is seen that one ought to multi¬ 
ply Crafts 1 derived pressures for mass flow through walls by a 

quantity—, since N obviously = ^rT* This factor which equals the 

( _radiuB of the equivalent single pore-\‘ . g If flow a88umed 

\ radios of the true, circular capillary pore / 

through the whole wall is to be calculated as through circular pores at all, 
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it would seem legitimate to state that r* at its maximum must be of the 
order of half the mean wall thickness. From Crafts 9 projection figures 
and magnification factors this can be estimated and r is known. It is thus 
possible to show that, whereas Crafts calculated that very small pressures 
would be adequate to cause the required mass flow along walls these are really 
of the general order of 10 6 times too small. For example, in the case of the 
potato stolon the value of 1.1 x 10~° atmospheres per cm. is more probably 
of the order of 78.2 atmospheres per cm. Similarly the small pressure gra¬ 
dient of 1.5 x 10 -r> atmospheres per em. calculated as necessary to cause ade¬ 
quate mass flow through the walls of the phloem of Cucurbita becomes 11.89 
atmospheres per cm. The same argument applies to all the pressure 
gradients calculated for flow through phloem walls. The bigger the area 
of the single pore used by Crafts ( i.e the area of total phloem wall) the 
more improbable do his pressure gradients become. It will be noted that 
these more probable pressures assuming flow through the whole wall are 
either numerically greater than, or of the same order of magnitude as, those 
estimated to secure mass flow through the sieve pores. The conclusion, 
therefore, that the pressure gradients necessary to secure flow through walls 
are much less than those required to cause mass flow through the sieve pores, 
is on these grounds alone unsound. It is true that Crafts does not suggest 
that the total phloem wall is really a single pore, but he regards the factor 
of 4400 which represents the discrepancy between his derived pressure and 
that gradient which he conceives to be probable, as sufficient safeguard 
against the “walls acting as a single capillary and acting as they do in the 
plant ’ ’ —( l.c ., p. 20). 

It is clearly unsatisfactory to use the expression for flow through circu¬ 
lar pores at all. The exact calculation for flow along a system of the type 
of the phloem wall would be difficult to compute. One can, however, esti¬ 
mate the pressure gradients necessary to cause the required mass flow along 
the phloem wall were this straightened out to form a single sheet bounded 
by parallel plane surfaces separated by the mean wall thickness. For uni¬ 
form viscous flow of a liquid of viscosity (n) between parallel planes, the 

pressure gradient per cm. is given in terms of the volume rate of flow 


per sec. (Y) across unit width (h sq. cm.) between planes h cm. apart by 
the formula (2) : V = - Y = Uh where U = linear rate of flow. 


dp 

12n dy 

\j = -E- x ?L 

u 12n x dy 


For the case of Cucurbita (p. 18) using U = 0.0759 cm. per see. (not 0.045 
as Crafts 2 calculates) 


2 Cbatts derives the mean linear rate by dividing the mean of a series of total flows 
by the mean of a series of areas. He ought to work out the linear rates individually 
and find the mean of these. (See top, p. 16.) 
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0 25 

has W cm - est * mate< * ^ rom Plate Va 
n = 0,015 

= 3.50 x 10 4 dynes per sq. cm. per cm. length 

= 0.035 atm. per cm. approximately. 

Pressure gradient per metre = 3.50 atm. approximately. 

This value, which assumes in effect that the moving liquid is only sheared 
in a direction at right angles to the wall surface, is perhaps a minimum one 
and is of an entirely different order of magnitude from that calculated by 
Crafts. Further analysis of the application of the Poiseuille expression to 
mass flow of solution through the whole of the phloem walls seems super¬ 
fluous since it is obvious that the whole wall cannot admit of mass flow. 
The actual pores are probably sub-microscopic and of the order of inter- 
micellar spaces, i.e., quantities to be measured in Angstrom units. Without 
attempting further computation it is obvious that with this in mind even 
the preceding pressure gradients themselves of the order of 10 6 times those 
utilized by Crafts to support liis thesis are really much too small. It is 
clear that Crafts himself realizes this point for in his discussion he says: 
‘ ‘ The fact remains that the spaces through which it is proposed that food 
materials in solution are passing are of molecular dimensions and irregular 
in form. Since no formulae are available by which to calculate pressure 
gradients and rates of flow through this type of material mathematical treat¬ 
ment is impossible. Use of Poiseuille 7 s formula leads to high values fully 
as great as the ones which appeared on the sieve tube calculations. 7 7 

Jn spite of this the whole ease that the actual flow is through the walls 
depends for its justification upon the pores through which the flow takes 
place being not only much greater than the visible sieve plate pores but 
actually greater than the w r all thickness itself. The probable pressures to 
secure mass flow through the whole wall are certainly either of the order of, 
or greater than, those calculated for flow through the sieve pores whose 
actual diameter w r as computed. From the molecular constitution of the 
cell wall as now known the presumption is that a mass flow could proceed 
more readily through the sieve tubes with their visible pores than along 
the phloem walls. 

Since the application of the Poiseuille expression to the mass flow of 
solution along the phloem does not really justify the conclusion (as Crafts 
claimed) that the movement of organic solutes is along the walls, is there 
other evidence which does support such a novel idea ? Crafts utilizes the 
well-known fact that the phloem of Cucurbita exudes droplets of sap as 
evidence of normally occurring mass flow in the phloem. From measure¬ 
ments of total phloem wall and also of sieve tube and sieve pore areas in 



170 


PLANT PHYSIOLOGY 


the plants concerned he concludes by arguments identical with those already 
criticized that this flow takes place in the walls and not in the sieve tubes. 
We wish, however, to draw attention to the data which indicate that the 
rate of such flow, as determined by exudation studies, w r ould be adequate to 
effect translocation into cucurbit fruits. The linear rate of flow presumed 
to be in the phloem walls was determined from the volumes collected in a 
given time. However, the flow was never observed for a period longer than 
five minutes. Where consecutive collections were made from one stem after 
a single cutting, the rate observed steadily decreased with time and stopped 
after five or six minutes (see table VII). In fact to make several collections 
from a single stem it was necessary to cut the stem repeatedly. This is 
ascribed to plugging of the cut surface by proteinaceous material which 
gelatinizes upon exposure to air. It seems much more probable that in a 
succulent plant of the type used the exudation from the phloem is not an 
indication of a normally occurring mass flow at all, either in the walls or 
sieve tubes, but may be due rather to the turgor of surrounding tissues and 
the release of tissue tensions consequent upon cutting. A new cut then 
merely opens up a new length of stem. However, apart from such a criti¬ 
cism, drastic as it is, Crafts is surely not warranted in comparing the rate 
of flow in cm. per min. observed over a period not exceeding five minutes 
during which constant values were never attained with the rate of flow 
calculated as necessary to account for uptake of dry matter by a pumpkin. 
In the latter case the rate is assumed uniform over a period of 100 days and 
the rate is calculated as cm. per min. Allowing such latitude in the choice 
of time intervals and such tolerance of what constitutes a steady flow can 
produce only purely fortuitous arithmetical agreement of results. 

It is not our purpose to discuss the basic principle of the mechanism 
suggested by Munch and Crafts, interesting as it is. We merely wish to 
point out that whether or not the phloem w r alls do form an important 
avenue for translocation, the data and argument used by Crafts to arrive 
at this conclusion are unsatisfactory, and ought logically to lead to a differ¬ 
ent one. The interesting fact remains that phloem in vivo has apparently 
much thicker, hydrated walls than we have hitherto supposed. That, how¬ 
ever, does* not necessarily indicate that they function in translocation over 
long distances. The application of formulae from classical physics, which 
apply usually to well defined cases which are rarely, if ever, satisfactorily 
duplicated in the living plant, involves often the adoption of arbitrary 
assumptions which may vitiate the conclusions drawn. We feel that in this 
particular case the utilization of the Poiseuille relation is particularly un¬ 
fortunate and has led to entirely erroneous conclusions. 

Department or Botany, 

University or Leeds. 
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BRIEF PAPERS 


CONTAINER FOR THE STUDY OF THE BEHAVIOR 
OF INDIVIDUAL ROOTS 1 

(with one figure) 

In the course of studies on the water relations of pineapple plants it 
became necessary to measure the water absorption efficiency of individual 
roots. A container (fig. 1) was then constructed which served its purpose 
very well and also proved very useful for various other physiological 
studies. A description of the construction of this container and its opera¬ 
tion is given so that other investigators interested in root studies may profit. 

The construction of the container consists of four perforated detachable 
sides and a bottom, all of which are fastened to a framework either by 
means of screws or hooks. The container may be constructed either of wood 
or metal, the former being preferable for certain purposes and the latter for 


Fig. 1. Container for the study of the behavior of individual roots. 

1 Miscellaneous Paper no. 9 of the Experiment Station of the Association of 
Hawaiian Pineapple Canners, University of Hawaii. 
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others. It may be constructed in different sizes according to the size of the 
root system of the plants under experimentation. 

The size of the container most suitable for our work measures 6 inches 
in width by 6 inches in depth and 8 inches in height. The substratum 
employed for the germination and subsequent growth of the plants in this 
container is river sand. After the plants have germinated and are growing 
the sides are opened at 2-day intervals and examined for roots. If such 
roots are in sight, proper connections are established by means of glass tubes 
between the root and outside container, a test tube or a flask, containing 
either a nutrient solution or soil. The glass tube, of an appropriate size, is 
connected to two rubber or cork stoppers, one of which is pointing towards 
the side of the container and the other one towards the flask containing the 
nutrient solution. The root is led into the glass tube very carefully and 
allowed to continue its elongation without any further disturbance. The 
vapor pressure of nutrient solution in the outside container is sufficient to 
maintain the root tip moist while in the glass tube and before reaching the 
solution proper. After the nutrient solution is reached, quantitative deter¬ 
minations of water absorption may be conducted. The results which one 
obtains by this method are very reliable, because there are no water losses 
other than those of absorption by the roots. 

After the isolated roots become well established, further watering of the 
sand may be discontinued and the nutrition of the plant left entirely to the 
isolated roots. One can easily determine in this way not only the efficiency 
of individual roots for water absorption but also the number of roots which 
a plant must have at different periods of growth to carry on its normal 
physiological processes.—C. P. Sideris, University of Hawaii, Honolulu, 
T. H. 



A SIMPLE DILATOMETER 
(with one figure) 

The dilatometer here described was designed to measure accurately the 
changes in volume accompanying imbibition. The method has been used 
previously by Hampton (1), Svedbero (2), and others in studying the 
hydration of colloids. The dilatometer we have used in our work possesses 
certain advantages that facilitate its use and increase its accuracy. 

The instrument consists of the usual bulb surmounted by a capillary 
tube in which volume changes are observed. There is an additional outlet 
with a stopcock for regulating the initial volume, and a mercury well or 
trap to keep the material being studied apart from the water until the be¬ 
ginning of the experiment. The dimensions given in the following descrip¬ 
tion apply to the instrument we have used, but they may be modified as 
the materials or aims of the worker require. 

As indicated in the accompanying figure the dilatometer consists of a 
heavy-walled glass bottle (500 ml.) fitted with a ground glass stopper. The 
lower half of the bottle is filled with some suitable cement except for a 
cylindrical well in the center. This well is conveniently formed by cement¬ 
ing a two inch piece of large bore (l-£") glass tubing to the center of the 
bottom of the empty bottle and filling the space between the tubing and the 
bottle with cement. The cement is sloped upward from the rim of the well 
to the walls of the bottle. The cement used must be unaffected by water 
and must adhere firmly to the glass on cooling. We have found “Picem” 
satisfactory for this purpose, although other cements may be equally as 
good. 

The ground glass stopper is drilled with two holes spaced opposite to 
each other just inside the flange of the stopper. A convenient drill for 
this purpose may be made by fastening a short piece of copper tubing of 
the desired diameter to the shaft of an electric motor with a piece of heavy- 
walled rubber pressure tubing. With ordinary valve grinding compound 
as an abrasive, such a drill will penetrate a thick glass stopper in a few 
minutes. A meter length of capillary tubing is inserted in one hole and a 
short stopcock tube is placed in the other. These tubes are held firmly in 
place by filling the hollow stopper with hot cement. Care must be taken 
to have the tubes and the cement level with the bottom rim of the stopper. 

A lead weight (fig. 3, C) coated with cement is provided to hold the 
material beneath the mercury until the start of the experiment. Two par¬ 
allel wires are cemented to the base of the weight to act as supports, and to 
hold it enough above the rim of the well to permit the introduction of mer¬ 
cury and the removal of the air during evacuation. A helical spring 
slightly smaller in diameter than the well is cemented by means of a short 
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A 

Fig. 1. A. Longitudinal section of the dilatometer. B. The clamp. C. The lead 

weight with spring. 

wire to the base of the weight. This serves to hold the material beneath the 
mercury during the evacuation of the air and other preliminary operations. 
A sTnflll wire ring is fastened to the top of the weight to facilitate its manip¬ 
ulation in the bottle. 

A clamp (fig. 1, B) is necessary to hold the stopper firmly in the neck 
of the bottle. This consists of a bar across the top of the stopper fastened 
with screws to a copper band around the neck of the bottle. 
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To operate the instrument the material being studied is placed in the 
well and the lead weight placed on top. Mercury is then added to more 
than fill the well and the bottle is evacuated in a chamber to remove all air 
from the mercury and material. After evacuation the bottle is filled to the 
top of the neck with distilled water that has been boiled to remove air. The 
water may be introduced as a fine stream through a glass nozzle by means 
of a siphon. If the glass nozzle is kept beneath the surface of the liquid, 
aeration of the water is avoided. The jet of water may be manipulated as 
the bottle is being filled to prevent the formation of air bubbles on the 
walls of the bottle or on the surface of the weight. When completely filled, 
the stopper is slipped into place in such a way as to force the water into 
both the capillary and stopcock tubes. The stopper must be firmly seated 
and clamped snugly in place. The bottle may again be evacuated through 
the capillary if desired, though for most purposes this is unnecessary. 
After adjusting the level of the water in the capillary tube to the desired 
height through the stopcock tube, the bottle is submerged in a constant tem¬ 
perature bath until equilibrium is attained. This is indicated by the con¬ 
stancy of the level of the meniscus in the capillary tube. 

During these operations the colloidal material has been held beneath 
the mercury. To start the experiment the bottle is tilted slightly, allowing 
the weight to roll off the well and permitting the material to rise into the 
water. Readings of the height of the meniscus in the capillary taken at 
intervals will enable the operator to follow the progress of the hydration as 
closely as desired. 

For use with powdered materials a small cup of glass, porcelain, wax or 
other suitable material may be used as a container. The cup is filled with 
the material which is held in place with a light plug of glass wool. The cup 
is then put into the well and the weight set in place as before. 

We have found it desirable to run a simultaneous blank determination 
with water and mercury alone to permit corrections for minor changes in 
temperature. Because of the size of this particular dilatometer, variations 
of less than 0.1° C. in the temperature of the bath produced significant 
fluctuations in the level of the meniscus. 

The instrument has proved to be satisfactory for research work requir¬ 
ing a high degree of accuracy and as a convenient method of demonstrating 
to classes the very considerable condensation of water accompanying imbi¬ 
bition,—D. B. Anderson, Department of Botany , and C. F. Williams, 
Department of Horticulture , North Carolina State College, Raleigh, North 
Carolina . 

1. Hampton, H. C. A dilatometer for measuring the hydration of colloids. 

Science n.s. 63 : 49-51. 1926. 

2. Svedberg, The. Density and hydration in gelatin sols and gels. Jour. 

Amer. Chem. Soc. 46 : 2673—2676. 1924. 





NOTES 


New Orleans Meeting.—The eighth annual meeting of the American 
Society of Plant Physiologists at New Orleans was in certain ways the most 
important one held since the organization of the Society. The Executive 
Committee had considered many problems pertaining to the development 
and welfare of the Society and brought them before the annual meeting 
for action. 

Included among these matters were the report of the committee which 
has been studying the advantages and disadvantages of incorporation; 
insertion of regulations for the life membership awards into the constitu¬ 
tion ; allocation of additional funds for the Secretary's office; and assistance 
in the editorial office. Other important matters have been pressing for con¬ 
sideration. More information in regard to the action taken at the annual 
meeting will be presented in the April number of Plant Physiology. 

Summer Meeting.—A summer meeting of the American Society of 
Plant Physiologists jointly with the Corn Belt Section of the American 
Society of Agronomy is being arranged, the meeting to be held at the Uni¬ 
versity of Wisconsin, Madison, Wisconsin, probably in July, 1932. It is 
hoped that many of our members from the middle western states will keep 
this meeting in mind, and plan to attend it. The details of the arrange¬ 
ments will be included in the April number of Plant Physiology. 

The Sachs Anniversary.—The one hundredth anniversary of the birth 
of Julius von Sachs, which falls on October 2, 1932, will be commemorated 
by botanists throughout the entire w r orld. The American Society of Plant 
Physiologists has dedicated the 1932 volume of Plant Physiology to 
Sachs in honor of this event. Steps are being taken to make the meeting at 
Atlantic City in December, 1932, a Sachs Anniversary meeting. We are 
happy to be able to present to our members the characteristic portrait of 
Sachs as a frontispiece to the volume. During the year an interior view of 
his famous laboratory, and other commemorative photographs will be repro¬ 
duced, to revive and recreate memories of one of the greatest botanical lead¬ 
ers during the last half of the nineteenth century. His work has exerted a 
profound influence upon the development of botany during the last sixty- 
seven years, and will continue undoubtedly for many decades as one of the 
major forces in determining the trends of botanical research. 

Membership.—During 1931 the publication of 1,000 volumes of Plant 
Physiology cost practically the entire allotted income of the journal. The 
accumulated reserves and sale of back volumes will make possible some of 
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the financial changes which the Executive Committee are recommending to 
the Society for adoption. Future increases in the size of the volumes pub¬ 
lished must be contingent, however, upon increased income. Fortunately 
the present income makes possible a very substantial volume. But the 
membership and subscription lists can be increased in numbers if each 
member will take a personal interest in offering the opportunity of mem¬ 
bership to others whose work will be enriched and enlarged by possession 
of a personal copy of the journal for constant use. The Secretary will 
appreciate the assistance of all members in this enterprise of increasing the 
membership and library support of the Society. 

Bibliography of Low Temperature Relations of Plants.—No good 
method of supporting the publication of bibliographies has as yet been 
found. Some time ago the Department of Agriculture of the University 
of Minnesota sent out an announcement of the preparation of an annotated 
bibliography of the low temperature relations of plants by Dr. R. B. 
Harvey, who has spent much time in research in this field, and a great deal 
of time in accumulating the data for the bibliography. Publication, how¬ 
ever, is contingent upon receipt of a sufficient number of advance subscrip¬ 
tions. In order to guarantee the costs of publication it will be necessary 
to secure about 500 subscriptions at $2.00 each. The estimated size of the 
volume is about 200 pages. It would probably be issued in stiff paper 
binding. Those who would like to help insure the publication of this 
volume can do so by writing to the Division of Publications, University 
Farm, St. Paul, Minnesota, and asking them to enter an order for one or 
more copies. Libraries might also be requested to order a copy conditional 
upon the receipt of a sufficient number of orders. Cooperation of physiolo¬ 
gists in this way is about the only solution to the problem of publication of 
bibliographies. 

Plant Physiology.—The second volume of Dr. S. Kostytschew's Lehr- 
buch der Pflanzenphysiologie has been published by Julius Springer, Ber¬ 
lin. It is very fortunate that the work was completed while Kostytschew 
still lived.* The work will be liis chief monument. This volume was shared 
with Dr. F. A. F. C. Went, who wrote the chapters on growth and move¬ 
ment. The chapters by Kostytschew are on the fundamental physiology 
of intake and translocation of materials, absorption and excretion, water 
relations of the plant, movement of plant sap in the vessels, and transloca¬ 
tion and distribution of nutrients in the plant. The work taken as a whole 
is excellent, and deserves careful reading, The closing chapters by Went 
are most difficult to handle. Plant physiologists in America will appreciate 
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having these chapters written by the director of the Utrecht laboratory, 
where the most recent outstanding studies of plant movements have been 
made. No one engaged in research on the physiology of plants will want 
to omit this work from his ready reference library. It contains 459 pages, 
with 72 text figures. The price of the work bound in paper in 28 RM., and 
29.8 RM. bound in cloth. Address Julius Springer, Linkstrasse, 23-24, 
Berlin W9, Germany. 

Zonation.—A second edition of Dr. Ernst Kuster's tlber Zonenbildung 
in kolloidalen Medien has been published by Gustav Fischer, Jena. The 
first edition was published about 18 years ago, so the two editions differ 
greatly. The first chapter considers the phenomena described by Liesegang 
many years ago, which are often referred to as Liesegang rings. Chapter 
two deals with formation of sphaerocrystals and lamellated membranes. 
The third chapter takes up membrane thickenings, such as are found in the 
vascular elements, and lattice formation. The last three chapters are 
devoted to the color markings of leaves, flowers and seed coats, growth rings 
of dicotyledonous plants, and fairy rings of the fungi. The book thus 
brings together quite diverse phenomena which only by a great stretch of 
the imagination can be linked up with common causes. There is surely 
nothing in common between the annual growth rings of a tree and the true 
Liesegang periodic precipitation rings. Eight pages of literature citations 
and an index complete the volume, which contains 124 pages. The price of 
the volume in paper binding is 8 RM. 

Experimental Plant Physiology.—A small book by Dr. G. J. Peirce, of 
Stanford, presents a running account of an experimental approach to the 
problems of plant physiology. While some directions are given for labora¬ 
tory experiments, it is not a laboratory manual in the usual sense. It might 
serve as a basis for a well planned informal series of exercises, leaving much 
of the details of instruction with the person in charge of the class. The 
experiments are described in ten chapters, as follows: The properties of 
cells; absorption; the movement of water; the manufacture of food; the 
storage of foods; digestion ; oxidative metabolism ; growth; irritability; and 
reproduction. With index it contains 165 pages. The publishers are 
Henry Holt and Co., New York, who quote a price of $1.50 per copy. 

Colloid Chemistry.—The third volume of Jerome Alexander's Colloid 
Chemistry has been published by the Chemical Catalog Co., New York. The 
papers included in this book make up the first series of papers on technologi¬ 
cal applications of colloid chemistry. There is to be a second series of these 
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papers in the fourth and final volume of the set. Volume III contains 42 
papers, most of which are of greater value to students of physical and 
chemical sciences than to biologists. The last four papers, however, are 
of interest in biology. Three of these deal with colloidal properties of soils, 
and the final one with the colloidal properties of wheat, wheat flour, and 
wheat flour products. The book contains 655 pages, and is priced at $10.50 
by the publishers. 

Introduction to Cytology.—Dr. L. W. Sharp's Introduction to Cytol¬ 
ogy has been revised and translated into German by Robert Jaretzky, Pro¬ 
fessor of Pharmacognosy in the Technical High School, Brunswick. Sev¬ 
eral hundred papers have been considered in the revision, and certain topics 
such as protoplasmic inheritance, conversion of genes, mitogenic rays, etc., 
have been given a place in the translation. There are 733 pages, including 
the index, and a literature list of 72 pages. The price of paper bound 
copies is 52.5 RM., and of cloth bound copies, 55 RM. Orders for this work 
should be sent to Gebriider Borntraeger, Schoneberger Ufer 12a, Berlin 
W35, Germany. 

A Shorter Course in Organic Chemistry.—Every plant physiologist is 
confronted with the necessity of keeping abreast of the developments in 
organic chemistry as a part of the background of plant physiology. A few 
books on organic chemistry must be kept at hand for consultation. Dr. 
J. C. Colbert of the University of Oklahoma has prepared a foundation 
work which ought to be useful to those needing a short and elementary 
introduction to this fascinating field. It contains many useful diagrams, 
especially diagrams of the types of reactions which organic compounds can 
undergo. The emphasis is upon the understanding of fundamental 
theories, and the author has shown his pedagogical ability in the manner in 
which the material is presented. Copies may be had at $3.60 from the 
Century Co., 353 Fourth Ave., N. Y. 
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PHLOEM ANATOMY, EXUDATION, AND TRANSPORT OF 
ORGANIC NUTRIENTS IN CUCURBITS 

Alden S. Crafts^ 

(with six plates and one figure) 

Introduction 

A survey of the subject of translocation of organic nutrients, in recent 
botany texts, indicates that mass flow through the sieve tubes, facilitated by 
perforation of the sieve plates, is the prevailing concejit. Several authors 
distinguish between carbohydrates and proteinaceous materials as to their 
channels of movement, and some avoid the subject altogether. A majority 
favor this time-honored concept of the mechanism, however, although it has 
been seriously questioned in recent years. 

Since the early descriptions of sieve tubes by Hartig ( 18 ) and Nageli 
( 31 ), the cucurbits have been widely used in the study of phloem anatomy. 
The clear preparations which may be obtained from these plants have un¬ 
doubtedly been instrumental in the development of the sieve-tube theory 
of translocation. The ease of demonstrating phloem exudation in these 
plants is another factor which has strengthened the concept of mass flow 
through sieve tubes ( 30 ). 

Hartig described the sieve tube in 1837, gave an account of the sieve 
plate in Gucnrbita pepo in 1854 ( 18 ), and described experiments with 
phloem exudates in 1858 ( 19 ). He considered the protoplasmic connections 
in the sieve plate to be uninterrupted, but von Mohl ( 29 ) opposed this 
idea, holding that the pit-closing membrane is intact. 

Nageli ( 31 ) gave an accurate description of the sieve plate; he un¬ 
doubtedly observed callus formations; and he attributed a physiological 
significance to the characteristic slime accumulations so often observed in 
these tissues. He considered the sieve plate to be actually perforated, and 
thought that the slime accumulation was caused by a filtering of large par¬ 
ticles from the moving sap. Under excess pressure the slime might even 
be forced through the pores according to his description. He proved that 
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the exudate from these stems comes from the phloem, and used this as 
additional evidence for a mass flow through the sieve tubes. 

Sachs ( 34 ) advocated the idea that sieve tubes conduct only proteinace¬ 
ous materials, carbohydrates moving through the remaining phloem 
elements. 

The mechanism proposed over sixty years ago by these early workers is 
the one which is described in botanical text-books today. Subsequent ring¬ 
ing experiments have strengthened this view, while the occasional objections 
which have been proposed have been either overlooked or neglected. 

The early works on sieve tube anatomy were collected by de Baby ( 2 ), 
and later studies are well summarized by Lecomte ( 25 ), Perrot ( 32 ), and 
Hill ( 20 ). It suffices to say here that they left unaltered the concept of 
mass flow in the sieve tubes. Fisciier ( 14 ) showed that the slime accumu¬ 
lations noted by Nageli were due to manipulation of the material, but it 
remained for Lecomte ( 25 ) to give a proper interpretation of their forma¬ 
tion. The latter work has been confined and extended and will be described 
in a later section. Strasburger ( 41 ) considered the sieve pores of 
angiosperms to be open, while those of certain gyranosperms are closed by 
median knots which he compared in permeability to the pit-closing mem¬ 
branes of bordered pits of xylem vessels. 

Czapek ( 8 ) thought that all organic materials pass through the sieve 
tubes, but Haberlandt ( 16 ) states, as did Sachs ( 34 ), that only nitroge¬ 
nous compounds move in these elements. Physiologists still seem to favor 
the view that organic nutrients are conducted through the sieve tubes by a 
mass flow ( 30 , 36 ) or by some sort of streaming movement ( 6 , 27 ). 

Anatomists ( 2 , 25 , 40 , 20 ), while agreeing consistently that the proto¬ 
plasm of the sieve tube is continuous through the sieve plate, have failed to 
question the existence of intervacuolar pores within the protoplasmic 
strands. They have considered that translocation and phloem exudation 
prove their existence. This attitude is well expressed by Hill ( 20 ), where 
on page 285 of his summary he says: 1 1 In the sieve-tubes there is the need 
of the formation of definite holes for the translocation of material, and the 
connecting threads serve as useful paths along which to work in order to 
produce tufces of sufficient diameter to enable an actual flow of slime to 
take place. Then, since the large holes produced are likely to be a source 
of danger to the plant when translocation diminishes the callus is utilized to 
regulate the bore of the tubes, and finally appears to put a stop to trans- 
locatory processes altogether. ’ 9 On page 262 of the same publication the 
sieve plates of Vitis are diagrammed, a clear distinction between slime and 
protoplasm being shown. In this author’s own drawings such clear dis¬ 
tinction is not shown, and in reading the text, the basis of differentiation 
is found to lie in the staining reactions of the connecting strands. In Hill's 
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words (page 267), “The contents of these fine tubes are found to react in a 
different manner to stains after the appearance of the callus, for the proto¬ 
plasmic threads of the embryonic condition have now become the more 
important slime strings of the mature sieve tube.” 

More recent works on anatomy ( 40 , 11 ) express a similar view on the 
structure of the protoplasmic connections of the sieve plate; in fact, the 
idea seems prevalent that these tubelike connections occur in most plants 
and that they provide adequate channels for longitudinal conduction. 

There are two possible objections to this view, based on features of the 
sieve structure. If the middle lamella of the sieve plate actually closes 
the simple pits through which the protoplasmic connections pass ( 29 , 41 , 
25 , 31 ), mass flow would be seriously hindered. Perrot ( 32 , p. 116) con¬ 
sidered this of only secondary importance, and since the cellulose mesh of 
the plates of obliterated sieve tubes is actually perforated, it seems 
that at least during the more mature stages actual continuity through the 
pores is established. Schmidt's ( 35 ) work seems to confirm this, although 
the effect of the reagents used upon such a thin structure is somewhat 
doubtful. 

The question as to the existence of intervacuolar connections or pores 
through the protoplasmic strands of the sieve plate is more serious. Kuhla 
( 24 ) thought the connections to be solid and Schmidt's work indicates 
the same. The writer agrees with Schmidt on this point. In the first 
place, the actual protoplasmic strand is very narrow, approaching in most 
cases the limit of the resolving power of the microscope, so that differentia¬ 
tion is extremely difficult. In the second place, it is doubtful whether the 
reagents used will satisfactorily distinguish between protoplasm and 
vacuolar content in such minute strands. 

Physiologists have apparently accepted the anatomists' view of sieve- 
tube structure until recently. Ruhland's ( 33 ) studies on the permeability 
of sieve tubes aroused little comment, but the works of Schmidt ( 35 ), 
Birch-Hirsciifeld ( 4 ), Dixon and Ball ( 9 ), Dixon ( 10 ), and Crafts 
(5) indicate from varying angles an increasing doubt as to the function of 
sieve tubes in translocation. The last paper, while giving little definite 
proof, strongly indicates that the sieve-tube mechanism is inadequate to 
explain longitudinal conduction in certain plants. The present paper takes 
up a more detailed study of sieve-tube anatomy in relation to exudation and 
translocation. 

Phloem anatomy in cucurbits 

It is evident that if a clear idea is to be obtained of the relationship of 
the different phloem elements to translocation, detailed studies of phloem 
anatomy are needed. This type of study precludes the use of many differ- 
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ent species, and in the following work only two, Cucurbit a pepo and Cucumis 
sativus, have been used. 

In studying the phloem of cucurbits, it soon becomes evident that there 
are two distinct types of sieve tubes which, although having many features 
in common, can readily be differentiated on the basis of their structure and 
contents as well as on their location within the stem. In the transverse sec¬ 
tion of the stem of Cucurbita pepo diagrammed in text figure 1, the bicollat¬ 
eral vascular bundles and various sieve tubes are shown. Fischer (12, 13, 
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Pig. 1 . Transverse section of pumpkin stem showing bicollateral bundles, ectocyclic 
find entocyelic sieve tubes. Commissural tubes follow curved and diagonal paths through 
the ground parenchyma. These paths as determined from serial sections are dotted in. 
Ectocyclic and entocyelic tubes are united only at nodes of stem. 


15) has made a careful study of the sieve tubes of cucurbits and his 
nomenclature is used in this figure. In addition to the tubes of the vascular 
bundle, he distinguishes “ectocyclic tubes” lying between the epidermis 
and the sclerenchyma ring, “entocyelic tubes” lying inside this ring, and 
‘ ‘ commissural tubes, ’ ’ connecting the latter with those of the phloem groups 
of the bundle and connecting the peripheral tubes of the various bundle 
groups. 
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These various tubes are shown in more detail in figures 1 and 2, and 
a distinction may clearly be made. The inner or central tubes of the phloem 
groups (fig. 1) are practically devoid of stainable contents, while the 
peripheral tubes of the groups (fig. 1) and the commissural and entocyclic 
tubes are densely filled. 

On the basis of structure alone these various elements would fall into 
three groups: (1) the central tubes of the phloem groups of the vascular 
bundles, having short broad elements comparatively poor in stainable con¬ 
tents; (2) the longitudinal tubes of the periphery of the phloem groups, 
the ectoeydic tubes and the entocyclic tubes, all having on an average 
narrower and much longer elements and, in the mature state, densely 
staining contents; (ft) the commissural tubes, varying greatly in length 
but resembling the second group in diameter, content, and sieve-plate struc¬ 
ture, and connecting laterally the various longitudinally arranged tubes of 
the stem. Since the latter two groups are similar except in average length 
of elements and in position in the stem, two features which hardly allow 
for a physiological differentiation, they will be classed as one type in the 
following discourse, although the names given by Fischer may occasionally 
be used. 

The tubes lying in the center of the phloem groups will be mentioned 
first since they have been most widely described in the literature. The first 
distinguishing characteristics of the young differentiating sieve tubes in 
this material are the slime drops and the pitted end walls. The slime drops 
have been described and illustrated by Fischer (12, fig. 9, Pl. I; fig. 4, PI. 
II; fig. 9, PI. IV; 15, figures in Pis. I and II), Lecomte (25, figs. 26 and 27, 
PI. XXII), and others. They are translucent plastid-like bodies which lie 
in the parietal protoplasm of the developing cell. They can be distinguished 
during the early stages of vacuolation, before the cell has attained full size 
and while the nucleus is still prominent. At this time the protoplasm 
shows active streaming and the vacuoles will accumulate neutral red, but 
no protoplasmic connections can be distinguished traversing the end walls. 
It is interesting to note, however, that the middle lamella tends to stain 
deeply with neutral red, and by focusing carefully it can be seen that the 
portions occupied by sieve fields do not stain while the intervening por¬ 
tions do. This indicates that the sieve field regions differ in composition 
at an early stage. 

In stems killed in hot water or 50 per cent, alcohol, the slime drops are 
fixed and stain readily with anilin blue (figs. 3, 4, 5). As the elements 
reach mature size, these structures enlarge and small vacuole-like spots 
become evident within them (figs. 6, 7, 8). At the same time the proto¬ 
plasmic strands of the sieve field can be distinguished, and the first traces 
of the callus cylinders which eventually surround the strands appear (fig. 
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26). The nucleus is still present, but is larger and less deeply staining; the 
vacuoles unite to form a large central vacuole and protoplasmic streaming 
and neutral red accumulation diminish. As the elements reach maturity 
several rather complicated changes take place rapidly, making accurate 
description difficult. The sieve plate thickens, the original protoplasmic 
connections apparently fuse to form a single strand in each field, and the 
callus cylinders enlarge and elongate as described by Hill (20). 

In the meantime that portion of the parietal protoplasm lying against 
the wall apparently increases in viscosity and ceases to stream, while 
anastomosing strands on the inner surface still show sluggish plastic move¬ 
ments. The slime drops enlarge further, the vacuoles within them in¬ 
crease in size and number, and stain is absorbed to a lesser degree in fixed 
material. The tendency for neutral red to accumulate in the vacuoles be¬ 
comes much less pronounced at this time, although an accumulation by the 
vacuoles in the slime drops indicates that it is present in the protoplasm. 

As the protoplasm becomes set on its outer surface, the inner strands 
tend more and more to push out from one slime drop to another across the 
vacuole (figs. 6, 7) and form an anastomosing network similar to that of 
the cells of epidermal hairs. An attempt has been made to illustrate this in 
serial order (figs. 8-12), but it is difficult since in fixed material the strands 
of the protoplasmic network within the vacuole shrink to mere threads and 
are not easily stained. This inner network of protoplasmic strands be¬ 
comes fixed to the sieve plates of the end and side w r alls, loses its fluid 
consistency, and becomes relatively inert. 

The existence of this inner structure in sieve tubes has been the subject 
of some controversy. Fischer (13) disagreed with Wilhelm's assumption 
of an inner sheath limiting the slime accumulation, or slime plug, consid¬ 
ering it to be simply a slime formation. He later (15) described the con¬ 
tents of the sieve tube of cucurbits, making no mention of such an inner 
structure. Zimmerman (43) seemed to find evidences of an inner structure 
which stained differently from the plasma sheath. He found it present in 
several species and in sieve tubes in different stages of maturity. The con¬ 
fusion which exists in relation to these inner threadlike structures can 
readily be understood, since any killing agent which causes a strong con¬ 
traction of ‘protoplasm will rupture them and collapse the outer sheath 
around the inclosed slime, completely obscuring them (fig. 19). An agent 
which kills very slowly, on the other hand, might cause a slow cessation of 
the plastic flow by which they are formed and so eliminate them before the 
cell is killed. In young living sieve tubes they are broad (fig. 6), tending to 
become more threadlike and numerous with maturity (figs, 7-14, 17, 18, 27, 
28, 32, 33). They are seen only with difficulty in such tissues, and great 
care is required in preparation of sections as injury stops the flow of proto- 
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plasm in many cases. On the other hand, certain agents stimulate proto¬ 
plasmic streaming (37), and this may explain the results obtained with low 
concentrations of alcohol as a killing agent in rendering these structures 
visible in fixed material. 

The nucleus loses its staining properties as the elements mature, and 
apparently disintegrates, and neutral red is no longer accumulated within 
the vacuole. The slime drops, while tending to adhere to the protoplasmic 
strands of the vacuole, gradually swell, vacuolate, and disintegrate (15, p. 
302), so that they become fewer in number and finally disappear as discrete 
bodies. The material resulting from disintegration of the nucleus and 
slime drops forms a colloidal suspension in the vacuole, and it is the coagula¬ 
tion and aggregation of this material which makes up the amorphous con¬ 
tent of slime plugs in mature sieve tubes (figs. 27, 30). 

The sieve plates assume their mature form, each protoplasmic strand 
being surrounded by a callus cylinder which projects beyond the level of the 
cellulose base. These cylinders may be seen (fig. 23) in transverse sections 
in which the knife has passed close enough to the plate to clear it of adher¬ 
ing protoplasm. By slightly raising the focus, the protoplasmic strand 
disappears and a light spot is seen in its place (fig. 24), due to an optical 
effect. The fact that de Bary (2) mentions 5 p for the maximum diameter 
for the sieve pores, while the largest protoplasmic connections measured in 
this work never exceeded 2 p, indicates that the early workers possibly 
thought the callus cylinder to be the protoplasmic connection and the actual 
plasma strand to be a pore. This possibility is further indicated by the 
labeling of figure 65 n and 66 l on page 174 of the English translation of 
his book (2). Here he calls the structure comparable to the dark proto¬ 
plasmic core in figure 23 an open pore. The sieve plate in figure 23 is 
shown in figure 25 with side illumination, bringing out even more the 
crater-like appearance of the ends of the callus cylinders which surround 
the protoplasmic connections. 

In the development of definitive callus, these cylinders increase in 
diameter as they lengthen until they fuse laterally, forming a perforated 
plate (15) which increases in thickness, stretching the protoplasmic strands 
to many times their original length (fig. 31). 

In all of the preparations which have been made in this work, there has 
not appeared a single indication of the presence of two phases within the 
protoplasmic connection of the sieve plate. The protoplasm changes in 
its staining reaction just as it does in its other physical properties. No 
evidence has been brought to light, however, which justifies the assumption 
of a “protoplasmic tubule” (Hill p. 261) and an inclosed “slime string.” 

Typical slime plugs occur only in the sieve tubes in the centers of the 
phloem groups. NXoeli (31) observed these structures and proposed that 
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they were the result of sap movement. Fisciier (14) found that by killing 
intact plants in hot water he could avoid their formation. He concluded 
that they were due to the rapid sap flow resulting from cutting the stem 
and thus steepening immensely the pressure gradient in the tissue. 
Lecomte (25), however, found that slime plugs did not occur in fresh mate¬ 
rial but were the result of treatment with alcohol. This work has been 
repeated and confirmed, and the same results have been obtained by plac¬ 
ing cut stems in hot water or by touching the end of a fresh section on a 
slide with a hot needle. These experiments indicate that slime-plug forma¬ 
tion results from the action of agents which kill protoplasm and render it 
permeable. Following this action, turgor pressure or phloem exudation 
forces a part of the contents of the sieve-tube element through the permeable 
portion of the protoplast, filtering out any coagulated material. 

Slime-plug formation is shown in sieve tubes in different stages of 
maturity in the series figures 11-16, the last being the appearance after 
the slime drops have almost completely disintegrated. In figure 29 the 
parietal protoplasm is shown in transverse section pulled slightly away from 
the walls. The slime plug shown in figure 28 is distinct and separate from 
this parietal protoplasmic layer, and at the lower end of the plug two 
strings of the inner meshwork may be seen. In figure 27 protoplasmic 
strings are shown traversing the total length of the cell. Three distinct 
strings can be seen emerging from the slime plug on the lower left side, 
while the parietal protoplasm remains but slightly removed from the walls. 
In figures 17 and 18 are shown two sieve tubes with slime plugs formed by 
killing with 50 per cent, alcohol. The parietal protoplasm remains prac¬ 
tically intact and strings may be seen attached to the pits in the side walls. 
Killing with 95 per cent, alcohol results in more drastic shrinking, and the 
failure of past workers to distinguish between the parietal protoplasm and 
the internal meshwork is probably due to its use. In figure 19 the result 
of this protoplasmic shrinkage is shown, while in figure 20 the protoplasm 
has been torn completely free from the upper side of the plate, leaving 
small droplets where the strings have been broken. 

By controlling the conditions, slime plugs may be formed on the two 
ends of a section pointing in opposite directions. When this is done, as by 
touching each end of a fresh section on the slide with a hot needle, the sieve 
tubes in the center of the section may show slime plugs in various positions 
(figs. 30, 32, 33, 36). 

In the many stems used in this work, only one case was found in which 
slime accumulations could be seen in fresh material. This occurred in 
mature sieve tubes of a cucumber plant which was growing vertically on 
a string,, and suggests that under certain conditions, after disintegration of 
the slime drops, suspended materials may gravitate to the lower ends of the 
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cells as do starch grains in the sieve tubes of many plants. It may be said 
with certainty, however, that formation and orientation of the slime plugs 
have no correlation with the previous direction of sap flow in the plant. 

The small mucous droplets or bubbles on sieve plates, mentioned by 
Lecomte (26) as indicating the movement of sap through sieve tubes, are 
apparently as poor a criterion as are the slime plugs. Nageli (31) pictures 
these structures very clearly and they were often observed in the tissues 
being studied by the writer. They were never found very far from the cut 
end of the sectioned stem, however, and appear to be strictly localized in 
places where the pressure gradient has been immensely steepened by cutting. 
They also are found only in sieve tubes in certain stages of development, 
and appear to result from the semifluid protoplasm of the protoplasmic 
connection being forced through the pore and being inflated with sap within 
the vacuole of the succeeding sieve-tube element. The suggestion that it 
indicates transport of sap is difficult to understand, since its very structure 
shows that it would hinder rather than allow mass flow. 

In a recent publication (22) Junoers proposed that the structures re¬ 
ferred to in the literature as protoplasmic connections are in reality wall 
structures. Several of the preparations used in this work seem to refute 
this idea, although positive proof is difficult to produce. By carefully 
focusing on the structures pictured in figure 31, they can be followed with¬ 
out interruption from the protoplasm of one cell to that of the other. In 
figure 21 is shown a mature sieve tube in a stem killed by the use of hot 
water. The protoplasm contracted slightly, drawing out the protoplasmic 
connections without rupturing them, and they may readily be followed 
from the surface of the protoplasmic mass to the pore in the sieve plate. 
Lecomte shows a similar preparation (25, PI. XXI, fig. 8). In staining a 
section of epidermis from the vein on the back of a cucumber leaf to show 
protoplasmic connections, the protoplast was plasmolyzed, and in pulling 
the protoplasm away from the wall threadlike strands were left joining the 
connections in the pits of the wall with the external surface of the proto¬ 
plast (fig. 22). These preparations seem to indicate the protoplasmic 
nature of the strands traversing the pit-closing membranes. If they are 
not protoplasm they are at least intimately connected with the protoplast, so 
that it should be very difficult on the basis of a microchemical test to prove 
that they have no protoplasmic content. 

The second type of sieve tubes of the cucurbit stem has several distinc¬ 
tive features. While the elements of the central tubes of the phloem groups 
vary between wide limits in diameter and tend toward a uniformity in 
length, those of this type range from 0.05 to 1 mm. in length and approach 
a mean diameter of 0.02 mm. 
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In the early stages of development the two types are very similar in the 
nature of their contents (figs. 3, 34), although the slime drops tend to be 
smaller in the second type. As they approach maturity, however, distinct 
differences may be noted (fig. 35). The internal protoplasmic meshwork 
(figs. 27, 28, 32) is lacking, although a rather fibrous tuft may be seen on 
the sieve plate (fig. 35). The sieve plate fails to thicken as noticeably as 
in the internal tubes, and the vacuolar contents take on a granular appear¬ 
ance and become more and more dense (fig. 36). As the dense granular 
mass increases to fill the vacuole, a metamorphosis starts from the parietal 
protoplasmic layer and gradually approaches the center, the granular con¬ 
tents changing to an amorphous layer which eventually fills the tube com¬ 
pletely. In figure 38 this change can be seen starting at the sieve plate, 
and in figure 39 a layer encircles the granular contents in the center tube 
while in the one on the right the contents have become completely 
amorphous. The sieve plate does not thicken during this development, but 
when the contents have reached the amorphous state, definitive callus is 
laid down (fig. 37). As the tube ages the jell-like content becomes broken 
by cracks and fissures (fig. 37) (13, PI. IY, fig. 8; 15, PI. I, fig. 34). 

Companion cells are very prominent with these sieve tubes (figs. 35, 39) 
and always accompany them. The commissural tubes (figs. 2, 40, 41) are 
much shorter in length than are those which traverse the stem longitudi¬ 
nally, but in other characteristics they resemble them closely. They are 
apparently cut from dividing ground parenchyma cells, and serve to link 
up the ectocyclic and entocyclic tubes with the peripheral tubes of the 
phloem groups as well as to connect the different phloem groups of the 
stem. 

Slime plugs have not been found in this second type of sieve tube, al¬ 
though a density gradient in the granular contents in fixed material (13, 
PI. I, fig. 6; 15, PI. II, fig. 44) indicates that a similar action occurs follow¬ 
ing treatment with killing agents. 

Phloem exudation in cucurbit stems 

Hartig (19) described studies on phloem exudation in 1858. The 
exudate from cucurbit stems and fruits was analyzed by Zacharias (42) 
and Kraus (23), and was found to contain from 7 to 11 per cent, dry 
weight, of which a large portion was organic nutrient material. Nageli 
(31) thought that this phloem exudation from cut cucurbit stems proved 
the occurrence of a mass flow in sieve tubes. Fischer (14), Lecomte (25), 
Haberlandt (16), MIjnch (30), and many others have used the same 
reasoning in support of the sieve-tube theory of translocation. 

In the course of the present work many measurements have been made 
on the rate of exudation from phloem tissues. In a previous paper (5) 
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data were presented indicating an average rate of linear displacement of 
the total phloem volume of 0.8 cm. per minute for twenty collections, the 
maximum rate recorded being 3.5 cm. per minute. From another series of 
collections it was found that by successively cutting thin sections from the 
exuding end of a stem, exudation could be maintained for a considerable 
period of time. Several of the early collections, especially the one resulting 
in the high rate mentioned above, gave the impression that exudation was 
exceedingly rapid from young actively growing shoots. In order to carry 
this investigation further, a number of cucumber seedlings were grown in 
small pots and the young tender growing tips were dissected under a 
Greenough binocular. It was found that while exudation from the cut 
hypocotyl or elongated internode was comparable with that mentioned 
above, when the young tender tissues of the tip were severed an exceedingly 
high rate of flow resulted. The absolute amounts of exudate were not 
great, but in relation to the diameters of the structures cut, the spheres of 
exuding sap were large and developed with amazing rapidity. Tips of 
bracts, inclosing the young flowers, which were 0.5 mm. or less in diameter, 
would give rise to spheres of sap several times this diameter within a few 
seconds. 

When a young leaf was cut the sap welled out along the entire cut 
surface, but when torn it could be seen in growing droplets upon the ends 
of broken veins. After removing several young leaves and flowers and 
allowing the escape of a relatively large amount of sap, new incisions would 
be followed by an apparently undiminished flow, as if the sap were com¬ 
ing from a large, elastic reservoir. 

Histological examination of these young structures failed to reveal the 
presence of mature sieve tubes. In the younger bracts and leaves the 
phloem consisted of elongated parenchyma cells such as are described in 
bundle terminals by Fischer (13) and Strasburger (41). The sieve tubes 
of the young stem were nearly all in the slime drop stage, and in fresh 
sections they accumulated neutral red. When plasmolyzed by killing in 
strong 1KI solution, the protoplasm pulled away from the end walls as 
might be expected in ordinary elongated parenchyma cells. 

Exudation from mature tissues proved to be most rapid from the 
peduncles of developing fruits of the cucumber, and rates will be given in 
the following section. Extending the observations on the period during 
which exudation could be maintained, several cucumbers weighing 200 gm. 
or more were cut from the plants, and by repeated cutting of the peduncles 
at intervals of about 15 minutes, continued exudation was induced. One 
fruit was still exuding after four hours of such treatment and another con¬ 
tinued for two and one-half hours. When the fruits were inverted with 
their cut peduncles immersed in water, strings of coagulated exudate 6 
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inches or more in length could be seen hanging from the cut surfaces. 
When 50 per cent, alcohol was used, the coagulated exudate could readily 
be observed streaming down from the cut phloem groups. 

Several full-sized cucumbers, having peduncles more than 1 cm. in 
length, were allowed to remain on the laboratory shelf for a period of six 
weeks, no precautions being taken to keep them cool or to prevent water 
loss. They were in diffuse light and the temperature averaged about 20° C. 
At the end of this period one of the fruits was examined for exudation by 
cutting off a piece of the peduncle about 3 mm. in length. The rate of 
exudation seemed normal, if not higher, so a collection was made on a 
second fruit, and the rate, given in detail in the next section, was found to 
be rather high. Upon sectioning the peduncles through which this exuda¬ 
tion had occurred, it was found that all of the central sieve tubes of the 
phloem groups had large masses of definitive callus on their sieve plates, 
while the plates of the peripheral, commissural, and entocyclic tubes were 
free of callus with the exception of a few obliterated tubes. Tubes of the 
first type were practically free of stainable contents, while those of the 
second type were densely filled with a granular material, both in fresh 
and fixed sections. Masses of coagulated exudate adhering to the cut ends 
of the sections absorbed stain readily and had a colloidal structure which 
was practically amorphous, while the granules in the sieve tubes were 
similar in size to those shown in figures 34, 35, 38, and 39. 

Green cucumbers hanging on plants which had matured and dried in 
the greenhouse were examined in a similar way, and, while exudation was 
still rather profuse the phloem proved to be in the condition just described. 
The central sieve tubes of the fruits, as w r ell as those in the peduncles, 
proved to be callused. 

In Schumacher's (36) recent work on translocation, he found the 
callusing of sieve plates to be a very sensitive reaction to immersion of 
leaves in eosin solutions. Finding the loss of nitrogen and dry weight from 
darkened leaves which had been so treated to be materially reduced, he con¬ 
cluded that the sieve tubes are the channels of transport for organic 
materials. 

The effect of immersing cucumber leaves in eosin and in water, both in 
the light and dark, has been studied and the response described by Schu¬ 
macher has been confirmed. Practically all of the sieve plates in the main 
veins and petioles of the eosin-treated leaves were heavily callused within 48 
hours, w r hile immersion in water had no effect within that time. Leaves 
treated in the light reacted in the same w r ay as those which were darkened, 
and cutting the veins was not essential to the response. The sieve plates of 
young sieve tubes in the slime-drop stage w T ere callused as well as those of 
greater maturity. These young elements failed to accumulate neutral red 
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when their plates were callused, and no protoplasmic streaming could be 
seen in them. Call using occurred in sieve tubes of both of the types 
described in the previous section, and the accumulation of granules at one 
end of the cell in the cortical tubes was not hindered by its presence. Slime 
accumulations in the central tubes of the phloem groups were smaller or 
entirely lacking. After an exposure of 96 hours to the eosin solution, 
exudation was stopped, and microscopic examination showed that not only 
was call using complete but the protoplasm and vacuolar contents were con¬ 
tracted and the walls collapsed, indicating that the cells had been killed. 

Callus formation is typically a response to injury or degeneration of the 
sieve-tube elements. Schumacher found it near the cut ends of stems, and 
in the present work it has occurred many times in stems collected in the 
greenhouse and placed in tap water in the laboratory. It generally occurs 
in old sieve tubes during their decline and is typical of the phloem of stored 
fruits. Lecomte (25) described experiments in ‘which he found that cu¬ 
curbit seedlings grown in the dark had definitive callus upon the sieve 
plates of all mature sieve tubes. 

Schumacher comes to the conclusion that eosin is not carried back 
through the xylem, but that extension of the response for as far as 30 cm. 
from the point of application may result from movement of the eosin, or a 
stimulus resulting from eosin treatment, through the sieve tubes. Eosin is 
a very toxic substance, being even more harmful to plant tissue than arsenic. 
The fact that the mesophyll cells remain uninjured for several weeks after 
treatment suggests that the eosin did not enter them, yet it could enter the 
phloem only through them if it did not go through the xylem. 

Dissection studies indicate an exudation pressure in the phloem and a 
subatmospherie pressure in the xylem. Since the solution covering the 
leaves in these treatments disappears more rapidly than can be accounted 
for by evaporation, it seems that it must enter the xylem and slowly displace 
the normal xylem sap, moving back down the petiole and into the stem. 
Since transpiration continues in the petiole, and uptake by the phloem is 
not entirely hindered, eosin would be carried into all of the surrounding 
tissues. In transverse sections of the petioles of leaves which had been im¬ 
mersed in a 1:25,000 eosin solution for 96 hours, the stain could be seen in 
the walls of xylem, phloem, cortex, and epidermis. Tests to be described 
later have given an indication that rather early in their development sieve 
tubes exhibit an increasing permeability with age as compared with com¬ 
panion cells and phloem parenchyma. This offers a possible explanation 
for their being so much more severely affected by eosin solutions. 

Failure to obtain the typical response in abscissed leaves allowed to absorb 
eosin solution by transpiration might be due to rapid killing, resulting from 
accumulation of the stain in the tissues. When the treatment is applied by 
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immersing abscissed leaves in the eosin solution, tension in the xylem is 
reduced as well as translocation in the phloem, so that injection of the stain 
could not be expected. 

In the light of the experiments on exudation which have been described, 
it seems difficult to agree with the theory that definitive callus serves to con¬ 
trol conduction by constricting the protoplasmic connections of the sieve 
plate (16, 20, 26, etc.), or that it may be of use to the plant in preventing 
the penetration of toxic substances (36). Since exudation is little affected 
by its presence or absence, the possibility of a relationship with perforation 
of the sieve plates seems even more remote. 

The anastomosing system of sieve tubes which is found outside of the 
phloem groups of the vascular bundles resembles in several ways the open 
latex systems of many other plants. That it offered a ready explanation 
for the rapid flow of exudate seemed obvious, until a thorough study had 
shown that the end walls are typical sieve plates and that the parietal proto¬ 
plasm persists throughout the life of these elements. The pores of the 
plates are very fine and are filled by protoplasmic strands. Thickening of 
the plate by callus is not so marked, and definitive callus is not formed until 
the contents have solidified, except from eosin treatment. 

Fischer (13) studied the development of this cortical sieve-tube system, 
stating that the elements were formed early in the development of the stem; 
that they functioned in the nutrition of the elongating tissues; and that ob¬ 
literation occurred by the time the stem was fully mature. The writer’s 
observations differ considerably from those of Fisciier. These tubes could 
be found fully developed in stems in various conditions from very young 
elongating internodes to peduncles of stored fruits. A few of them were 
found in the obliterated condition in stems, still undergoing elongation; yet 
if definitive callus on the sieve plate designates obliteration or a passive 
condition, as Fischer assumes (15, p. 312), then these second type tubes 
were the only ones which were active in the peduncles of the stored fruits 
and senile stems mentioned above. On the other hand, if slime plug forma¬ 
tion is a criterion of activity (16, p. 293), then even these were in a state of 
obliteration for they did not show these structures. 

The most obvious conclusion which can be drawn from these various ob¬ 
servations is that the criteria used by the early workers to designate the 
various stages in the development and function of these elements must be 
abandoned and a reinvestigation of the whole situation made, if we desire 
to know the true significance of sieve tubes in the physiology of the plant. 

Experimental results 

For a correct determination of the relation between phloem exudation 
and the transport of organic nutrients, quantitative data are required on 
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the amounts of material being moved, the linear rates of flow, and the vari¬ 
ous factors affecting this movement. In a previous publication (5) data 
were given which indicated that materials were being translocated by this 
exudation process at somewhat higher rates than are required for growth 
and development of fruits of the pumpkin. 

At the suggestion of Professor 0. F. Curtis, of Cornell University, the 
effects of local chilling were studied, since his experiments (7) had shown a 
definite retardation of translocation resulting from this treatment. Mature 
cucumber plants growing in pots were used, the treatments being carried on 
in the greenhouse. In the first experiment, four plants growing in a large 
pot, and trained to a height of about 4 feet, were employed and the equip¬ 
ment described by Curtis and illustrated in text figures 1 and 2 of his pub¬ 
lication (7) was used. The cooling coil consists of short lengths of rubber 
tubing fastened together by small glass U-tubes, a series of several lengths 
being bound around the stem and insulated from the air by covering with 
cotton. 

In these experiments two stems were chilled and two were left unchilled. 
After collecting the exudate, the coils were removed and placed on the 
latter two plants and the previously chilled plants used as checks. This 
alternation was repeated several times and served to eliminate individual 
differences in the plants. In the first set one coil was used on each stem, 
covering a region about 2.5 inches in length. In making the collection, the 
stem was cut just above the coil and the cut basal end held in a small glass 
tube so that the exudate collected in the bottom. At the end of one minute 
the tube was removed, a thin slice cut from the end of the stem, and a sec¬ 
ond one-minute collection taken in the same tube. The tubes were stoppered 
and weighings made as soon as the samples were all taken. Two samples 
from chilled and two from unchilled plants were taken in one series. When 
all four were collected, a small portion of the end of each stem was cut off 
and taken to the laboratory for sectioning. These sections, mounted fresh 
in tap water, were placed in a microprojector and the enlarged image out¬ 
lined on paper. The paper pattern was cut out and measurements made by 
weighing the areas and comparing with a standard area. The results are 
given in table I. 

In order to test the effect of chilling upon the portion of the plant below 
the chilled region, sampling was continued on two plants, collections being 
made below the chilled region immediately following those taken in this 
region. This required sampling for 12 minutes, and two other plants, one 
normal and one chilled, were used to check upon the effect of such extended 
exudation. Table II summarizes the results obtained. 

This experiment indicates that the effect of chilling is localized and that 
exudation from cuts made below the chilled portion of a stem are normal. 



TABLE I 

Bate of flow of exudate from chilled and normal plants 
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TABLE II 

Effect of local chilling upon exudation from unchilled portion of plant 



During the foregoing experiments the temperature of the coils varied be¬ 
tween 2° and 4° 0., but the temperature of the greenhouse fluctuated be¬ 
tween 20° and 30° C. Some samples were collected one morning when the 
temperature was 24° C. A second collection was made during the afternoon 
when it went down to 17° C. The results brought out the effect of cooling 
the whole plant as compared with local chilling and are given in table III. 
The three 2-minute collections are summed to save space. 

These plants were mature and exudation from the tips was much more 
profuse than from the older stems, but upon this declining exudation rate 
the relative effects of cooling the whole plant as compared with local chill¬ 
ing are graphically impressed. With all four plants the lowest rate was 
measured at this time, indicating that a drop of 10° in the temperature of 
the total length of the conducting channels has a more profound effect than 
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TABLE III 


Effect op cooling the entire plant compared with that op local chilling 


Date 

Time 

Treatment 

Temperature or 

GREENHOUSE 

Exudate 

FRESH 

Phloem 

area 

Linear 

rate 





CHILLING COILS 

WEIGHT 

■ 

min. 





gm. 

$q. mm. 

cm. per 
min . 

Oct. 20 

0-6 

Plant 

no. 1 chilled 

20°-25° 

1°—2° 

0.0506 

0.764 

1.11 

A.M. 21 

0-6 

11 

* 1 normal 

24° 


0.0470 

0.805 

0.97 

P.M. 21 

0-6 

it 

" chilled 

17° 

o°~3 0 

0.0140 

0.761 

0.23 

A.M. 21 

0-6 

a 

* ‘ normal 

26° 


0.0452 

0.980 

0.77 

Oct. 20 

0-6 

Plant 

no. 2 chilled 

20°-25° 

1°—2° 

0.0487 

1.067 

0.76 

A.M. 21 

0-6 

11 

1 * normal 

24° 


0.0744 

0.914 

1.36 

P.M. 21 

0-6 

tt 

“ chilled 

17° 

2 °— 3 ° 

0.0272 

0.845 

0.54 

A.M. 22 

0-6 

a 

* ‘ normal 

26° 


0.0661 

0.825 

1.34 

Oet. 20 

0-6 

Plant 

no. 3 normal 

20°-25° 


0.0653 

0.672 

1.62 

A.M. 21 

0-6 


“ chilled 

24° 

3o_4» 

0.0347 

0.645 

0.89 

P.M. 21 

0-6 

a 

‘ < normal 

17° 


0.0056 

0.702 

0.13 

A.M. 22 

0-6 

11 

“ normal 

26° 


0.0522 

0.821 

1.06 

Oct. 20 

0-6 

Plant 

no. 4 normal 

20°-25° 


0.0499 

0.814 

1.02 

A.M. 21 

0-6 

11 

“ chilled 

24° 

30-40 

0.0224 

0.726 

0.51 

P.M. 21 

0-6 

t < 

( ‘ normal 

17° 


0.0100 

0.662 

0.25 

A.M. 22 

0-6 

11 

* 1 normal 

26° 


0.0311 

0.786 

0.66 


chilling a much shorter region. This result is to be expected, since in vis¬ 
cous flow the resistance is directly proportional to the length of the conduct¬ 
ing element. 

Realizing the seriousness of fluctuating external temperature upon exu¬ 
dation rates, the experiment reported in table I was repeated, an attempt 
being made to maintain the greenhouse temperature at 20° C. or slightly 
above. In this set, two chilling coils were used on each stem covering a 
region about 5 inches in length. At the time the collections were made the 
upper coil was removed and the initial cut was made in the center of the 
region whifch it covered. The results are summarized in table IV. 

These results show definitely that localized chilling hinders exudation, 
although with the length of stems used it was not stopped. Curtis found 
with his bean plants that chilling the petioles “stopped or greatly retarded” 
the removal of carbohydrates (7). With the type of treatment used here, 
exudation was retarded only about 50 per cent. There are two possible 
reasons, however, for this difference in results. In the first place he chilled 
a much greater proportion of the total stem length of his plants, and since 
viscous flow is hindered in direct proportion to the length of the conducting 




TABLE IV 

Bate or flow or exudate prom chilled and normal plants; chilling coil temperature, 2°-4°C. 
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TABLE IV.— {Continued) 
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element and also in direct proportion to the viscosity of the solution, 
greater retardation was to be expected. In the second place he was mea¬ 
suring normal flow while in this case a rate of three or more times that of 
normal transport was being dealt with. The resistance in a closed system 
might be great enough practically to stop the flow, but if the length of the 
pressure gradient were suddenly shortened by cutting, rapid flow would 
occur until equilibrium was reached. 

It seems justifiable, in the light of these experiments, to conclude that 
the effect of local chilling upon exudation is due to the change in viscosity 
of the solution of nutrients; and while protoplasmic streaming may be 
stopped owing to a similar increase in viscosity, it does not necessarily fol¬ 
low that a more direct relationship exists between protoplasmic streaming 
and longitudinal transport of solutes. 

In order to see whether local chilling had any effect upon the composition 
of the exudate, some of the samples were dried to constant weight and the 
dry weights calculated as percentage of fresh weight. Table V shows that 
no significant difference exists between these samples. 

TABLE V 

Dry weight of exudate from cucumber stems 





Normal 



Chilled 

Date 

Stem 

Time (MIN.) 

Time (min.) 

0-2 

2-4 

4-6 

0-2 

2—4 

4-6 



1 

mg. 

8.6 

mg. 

7.6 

mg. 

6.6 

mg. 

10.5 

mg. 

9.1 

mg. 

7.5 

Sept. 30 


2 

8.3 

6.9 

5.8 

9.0 

7.9 

9.3 



3 

10.6 

11.0 

7.8 

8.8 

7.5 

6.5 

Oct. 1 


4 

8.8 

6.4 

7.5 

8.5 

6.4 

6.0 

Average 



9.1 

8.0 

7.0 

i 

9.2 

7.8 

7.4 


The next set of experiments was designed to show the relation between 
the composition of the exudate, the composition of the fruits, and the rate 
of development of the fruits. On October 3, several young fruits were 
tagged and two were collected, the exudate from the stem attached to the 
plant being taken at the same time. The results are shown in table VI. 

The marked cucumbers were collected on October 9, 15, and 30. The 
average weights on the two small ones are included in table VII to give the 
complete series. 
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0.0246 0.0013 5.3 2.17 



TABLE VII 

Composition op cucumbers and increase in weight with development; exudate prom plant 
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Fruit 

Dry 

PERCENTAGE 

PRESH 

per cent . 
7.7 

5.4 

3.6 

4.1 

Dry 

WEIGHT 

gm . 

0.066 

0.453 

2.610 

! 

5.740 

Fresh 

WEIGHT 

- CO Cl O O 

g oo o »q 

o oo el ad 

tH 

Exudate 

a 

< w 

W E-< 

< 

*3 “ 

.5 

To ® ® i— 

^ iO tO CO O 

Cl IO -^4 CO 

e 

Phloem 

AREA 

sq . mm . I 
0.592 

0.540 

0.964 

1.395 

Dry ^ 

PERCENTAGE : 

OF FRESH 

IS 

t'- io ei 

OO CO CO 

Dry 

1 WEIGHT 

gm . 

0.0043 

0.0046 

0.0053 

0.0053 

Fresh 

WEIGHT 

gm . 

0.0531 

0.0597 

0.0813 

0.0859 

Time 

> .« ei c-i c? ei 

j S O O ct <=> 

Date 

eo ® o 

. rH CO 

s = = = 




206 


PLANT PHYSIOLOGY 


It is evident that the exudate is consistently higher in dry weight than 
the fruits, and that the difference increases with development of the fruits. 

Two interesting calculations may be made from these data. Between 
October 9 and 15 the fruits gained at a rate of 2.610 - 0.453 -r 6 = 0.36 gin. 
per day in dry weight. The sap at this time had a dry weight percentage of 
6.5. Then 0.36-0.065 = 5.5 gm. of fresh sap required daily. But 72.00- 
8.42 -r 6 = 10.6 gm. daily increase in fresh weight. The fruit, therefore, 
was requiring 5.1 gm. of water daily in order to maintain growth. Dividing 
5.5 by 0.00964 cm. 2 we find a rate of flow of 570.5 cm. per day, or 0.396 cm. 
per minute for the sap. But the recorded average rate of exudation is 4.50 
cm. per minute, or approximately eleven times the normal rate of flow. 

If a similar calculation is made for the rate of flow of sap required to 
develop the full-sized cucumber, a value is obtained which approximates 
very closely that of 0.292 cm. per minute previously obtained for the pump¬ 
kin (5). 5.740 — 0.066 -r 0.065 - .00964 -f (24 x 60) = 0.235 cm. per minute 

average rate of flow. 

TABLE VIII 

Fresh and dry weights on fruits and exudates of cucumber plants; 

SAP collected from plant end 



Sap 


Fruit 


No. 

Fresh 

weight 

Dry 

weight 

Dry 

per¬ 

centage 

of fresh 

Phloem 

AREA 

l 

Linear 

rate 

Fresh 

weight 

Dry 

weight 

Dry 

per¬ 

centage 

FRERII 

1 

gm. 

0.1033 

gm. 

0.0081 

per cent. 

7.8 

.sq. mm. 

0.860 

cm. per 
min. 
6.00 

gm. 

251.6 

gm. 

9.72 

per cent. 

3.9 

2 

0.1020 

0.0080 

7.8 

1.100 

i 4.63 

121.6 

5.24 

4.3 

3 

0.1390 

0.0116 

8.4 

1.180 

5.88 

121.7 

4.91 

4.0 

4 

0.0877 

0.0067 

7.6 

0.936 

4.69 

187.4 

7.20 

3.9 

5 

0.0843 

0.0066 

7.8 

0.692 

6.10 

93.0 

3.45 

3.7 

6 

0.0800 

0.0052 

6.5 

1.100 

3.64 

116.0 

3.97 

3.4 

7 

0.1125 

0.0090 

8.0 

1.225 

4.59 

183.5 

7.15 

3.9 

8 

0.0945 

0.0071 

7.5 

0.548 

8.62 

87.5 

3.15 

3.6 

9 

0.0813 

0.0053 

6.5 

0.964 

4.23 

72.0 

2.61 

3.6 

10 

0.0763 

0.0061 

8.0 

0.926 

4.12 

35.5 

1.57 

4.4 

Total 

0.9609 

~0.0737 

Av. 7.7 

9.531 

Av. 5.05 

1269.8 

48.97 

Av. 3.9 
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On October 15 a series oi! ten fruits, ranging from half-grown to full- 
grown, was collected and their fresh and dry weights along with similar 
data on the exudate were obtained (table VIII). The exudate was collected 
for two successive one-minute periods. The figures of this table show that 
the cucumber maintains about the same dry weight composition during the 
later period of its enlargement, and that this is approximately one-half that 
of the sap exuded from the cut peduncle. The rate of exudation is ex¬ 
tremely high, indicating low resistance to flow into the fruit. 

This study was carried further by making dry weight determinations 
on fruits, stems, leaves, and on the exudate from the stem and fruit 
(table IX). 

TABLE IX 

Dry weight composition of cucumber plant 



Stem 

Peti¬ 

oles 



Exudate 

Weight 

Above 

fruit 

Below 

fruit 

Leaves 

Fruit 

Fruit 

END 

Stem 

end 

Fresh 

gm. 

4.0520 

gm. 

5.5338 

gm. 

4.7839 

gm. 

7.7118 

gm. 

127.50 

gm. 

0.0341 

gm. 

0.0285 

Dry 

0.3518 

0.5221 

0.3648 

1.0835 

4.9750 

0.0041 

0.0031 

Dry percent¬ 
age of fresh 

8.67 

9.42 

7.64 

14.10 

3.90 

12.00 

10.90 


The exudate from the peduncle of the fruit was collected for a period 
of 16 minutes and fresh and dry weights determined. Cross-sections were 
made of the initial and final areas of the peduncle, and areas interpolated 
between these values used to determine exudation rates (table X). A thin 
section was cut from the end of the peduncle each minute during the 
collection. 

It will be seen from the data of table X that there is no great difference 
between the rate of exudation and dry weight composition of the exudate 
from the fruit and from the plant. The decrease in rate and dry weight 
of the exudate with time is to be expected, and points to an osmotic system 
regaining equilibrium after being thrown out of balance by suddenly re¬ 
leasing the internal pressure. 

Data were collected on the stored fruits previously mentioned and are 
given in table XI. 

Exudation from these stored fruits was not maintained as in the fresh 
ones. The xylem was full of tyloses and had lost the water from many of 
its larger vessels, so that the main source of the exudate was the more or 
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TABLE XI 

Dry weight composition and exudation from stored fruits 



Exudate 

Fruit 

Time 

Fresh 

weight 

Dry 

Weight 

Dry per¬ 
centage 

OF FRESH 

Phloem 

area 

Linear 

rate 

Fresh 

WEIGHT 

Dry 

WEIGHT 

DRY PER¬ 
CENTAGE 
OF FRESH 

min . 

0-2 

gm . 

0.2037 

gm . 

0.0193 

per cent . 

9.4 

sq . mm . 

1.77 

cm . per 
min . 
5.7 

gm . 

173.0 

225.5 

gm . 

7.00 

9.12 

per cent . 

4.05 

4.04 


less elastic turgid phloem; as soon as this became emptied, flow rapidly 
decreased. 

It seemed desirable to know the osmotic concentration of this phloem 
exudate, since the pressures developed depend so largely upon it. As only 
small amounts of the material were available, the vapor pressure method 
suggested by Barger (1) and used on plant sap by Halket (17) was used. 
The first determinations were made at Columbus, Ohio, on Echinocystis 
lobata. All determinations were run in duplicate. The results are shown 
in table XII. 


TABLE XII 

Osmotic pressure determinations on phloem exudate of Echinocystis lobata 



July 3, 

2: 00 p.m. 

July 7, 

8: 30 a.m. 

July 8, 

1: 15 p.m. 

July 8, 

4: 45 p.m. 

Concentration, molar. . 

0.33 

0.30 

0.40 

0.40 

Osmotic pressure at 25° 
C. atm. 

8.5 

7.7 

10.3 

10.3 

Dry Aveight, per cent. 


10.2 

7.fi 

8.0 


The concentrations recorded in table XII indicate rather high pressures. 
Those given were interpolated from a concentration : osmotic pressure 
curve constructed from the data on sucrose given in the Landolt-B5rn- 
stein tables. Since sucrose solutions were used in the determinations, 
these should be approximately correct. Average molecular weights calcu¬ 
lated from these values range between 200 and 400. 

More extended observations have been made on exudates from cucumber 
and pumpkin, samples being taken from different positions on the plants 
(table XIII). From these figures it may be seen that there is a consist 
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TABLE XIII 

Osmotic concentrations and equivalent pressures at 25° C. or phloem 

EXUDATES OF CUCUMBER AND PUMPKIN 


Plant 

Concentration and 
AT WHICH 

OSMOTIC PRESSURE AT HEIGHT 

SAMPLE WAS TAKEN 



9'6" 

6' 

3' 

4" 

No. 1 pumpkin, 

Concentration, molar. 

0.31 ! 

0.25 

0.26 

0.23 

10' in height* 

Osmotic pressure, atm. 

8.0 

6.2 

6.3 

6.0 


: 

7'6" 

4' 


4" 

No. 2 pumpkin, 

Concentration, molar. 

0.35 

0.32 


0.21 

8' in height* 

Osmotic pressure, atm. 

9.0 

8.2 


5.4 



3'6" 

2' 


4" 

No. 3 cucumber. 

Concentration, molar. 

0.31 

0.29 


0.23 

4' in height* 

Osmotic pressure, atm. 

8.0 

7.4 


6.0 



5'6" 

4'6" 

3' 

4" 

No. 4 cucumber, 

Concentration, molar. 

0.29 

0.28 

0.27 

0.24 

6' in height* 

Osmotic pressure, atm. 

7.5 

7.2 

7.0 

6.2 



5'6" 

.V 


4" 

No. 5 cucumber, 

Concentration, molar. 

0.30 

0.30 


0.22 

6' in height* 

Osmotic pressure, atm. 

7.7 

7.7 


5.7 


* Plants growing in pots in the greenhouse nnd trained vertically on strings. 


tent gradient in osmotic concentration in the exudate taken from these 
plants, the highest concentration coming from the region behind the zone 
of elongation. This shows that, at least for these plants, a concentration 
gradient actually exists in the conducting tracts, a relation which has been 
inferred from analytical data in many eases (26, 27, 5). The samples were 
very small, so that this can hardly be a case of dilution such as occurs when 
prolonged exudation is induced by repeated cutting of the stem. 

Discussion 

The possibility of a relationship between phloem exudation and trans¬ 
location is obvious. The analyses of Zacharjas (42) and Kraus (23) indi¬ 
cate that^ the exudate from cucurbits contains sugars, organic nitrogen 
compounds, potash, and phosphorus. In their late publication on trans¬ 
location, Mason and Maskell (28) show that these are the four types of 
material which accumulate above a ring in the cotton plant, and that they 
correspond roughly in relative amounts to those found in the above men¬ 
tioned analyses. 

Experiments with prolonged exudation prove that these materials move 
over long distances in a relatively short time. Osmotic pressure determi¬ 
nations indicate the sources of pressure, and dissection studies denote that 
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the pressure is acting through the total phloem since exudation is as rapid 
from a tangential cut as from a transverse one. The evidence points 
toward the type of mechanism previously proposed (5), and the most seri¬ 
ous remaining problem is that of locating the channels of transport. 

Previous workers have agreed fairly well upon the sieve tubes, yet it 
remains to be proved that they serve as conducting vessels. Many of the 
structures which have been cited as evidence relating to flow through these 
cells, that is, slime accumulations, slime bubbles or droplets, and definitive 
callus, can hardly justify the significance given them. The median nodules 
and protoplasm in the pores of the sieve plates, on the other hand, should 
render these structures relatively impervious to rapid mass flow; yet 
Munch mentions exudation from the sugar pine, where they undoubtedly 
exist. The variety of conditions under which exudation occurs, from 
young growing tips lacking differentiated sieve tubes to stored fruits 
where the sieve plates are covered with definitive callus or the tubes filled 
with a dense granular content, leaves but one obvious possibility. The 
only continuous phase occurring under all of these conditions and occupy¬ 
ing a reasonable volume is the cell wall. It is highly hydrated, readily 
permeable, and continuous throughout the plant. 

Studies with polarized light show the phloem walls to be doubly refrac¬ 
tive, indicating a certain regularity of structure; and measurements of the 
relative lateral and longitudinal shrinkage with dehydration (5) suggest 
the models of Sponsler and Dore (39). Resistance to diffusion by the 
walls is slight compared with that of active protoplasm, as shown by many 
plasrnolysis tests, but the resistance to a rapid flow of solution remains to 
be measured. 

In certain border-line cases the distinctions between diffusional move¬ 
ment and mass flow break down, and in this limiting condition flow seems 
to consist of a movement of nutrients along a diffusion gradient accom¬ 
panied by movement of water along a pressure gradient. The gradient of 
water may be immensely steepened by increasing the pressure. From the 
experiments on continued exudation, it seems possible that this accelerated 
flow of water may carry solutes with it at a higher rate than that of nat¬ 
ural diffusion, and so function effectively in translocation. 

The rates and pressures presented in the previous section may be used 
to test the various theories on translocation as to their ability to satisfy 
requirements. Previous work (5) has indicated rates of linear displace¬ 
ment of the total phloem volume of about 0.3 cm. per minute in the stolon 
of the developing potato tuber and peduncle of the pumpkin. In table VII 
of the previous section, data are given which permit the calculation 
of rates, and these turned out to be approximately 0.4 cm. per minute dur¬ 
ing maximum growth and an average rate of nearly 0.3 cm. per minute 
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throughout the growth period. The rates of flow measured in the exuda¬ 
tion studies are much greater than this. Dividing the total fresh weight 
of exudate in table VIII by the total phloem area, an average rate of 5.0 
cm. per minute is obtained. 

If this rate is used in the Poiseuille formula and the proper values 
inserted for the other factors, the pressure necessary to cause this flow 
through the sieve tubes may be determined: 


where 



Rj s= linear velocity of flow in cm. per sec. 
p = pressure in dynes per cm. 2 
r = radius of the capillary. 

1 s= length of the capillary. 

y] = viscosity of the flowing solution. 


Using previously determined values (5), the sieve tubes occupy about 
20 per cent, of the phloem and the pores about 8.0 per cent, of the sieve 
plates, or 1.6 per cent, of the total phloem. Then 1^ would be 5.2 cm. per 
sec. through the pores of the sieve plate. The radius of the pores is ljj or 
less and the length would be about 2 per cent, of the mean length of 50 cm., 
or 1 cm. The viscosity would not be less than that for a 10 per cent, 
sucrose solution, or 0. 015. 

Then 


P = 


8 x 1 x 0.015 x 5.2 
1x10-* 


= 62.5 x 10° dynes, 


or 61.8 atmospheres. Since an average of the values given in table VIII 
indicates that only seven atmospheres are available, the exudate collected 
in these experiments could not have flowed through the perforations in the 
sieve plates even if they were free of the protoplasmic strands which tra¬ 
verse them. 

Considering next the protoplasmic streaming hypothesis, we can see 
from figure 29 that the protoplasmic lining of the cell walls is very thin. 
If the walls occupy 30 per cent, of the phloem area (5), then the proto¬ 
plasm must occupy about 20 per cent, of this, or 6 per cent.; and since 
only 50 per cent, of this is streaming in the proper direction at any one 
time, then 3 per cent, of the total phloem content is available to accelerate 
movement. Since R, for normal sap flow is 0.3 cm. per minute or 18 cm. 
per hour, it would be roughly 10 per cent, of this or 1.8 cm. per hour for 
the dry matter being moved. Dividing 1.8 by 0.03, we find that pure solute 
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would have to move at a rate of 60 cm. per hour or at three times the maxi* 
mum observed rate of streaming through the total space occupied by proto¬ 
plasm in the phloem. Assuming that protoplasm contains about 80 per 
cent, water, it can readily be seen that protoplasmic streaming is unsatis¬ 
factory, for the total volume occupied by the solids of the protoplasm would 
need to be occupied by pure assimilate moving at fifteen times the maximum 
rate of streaming. Diffusion through end walls from cell to cell would be 
an additional difficulty, since the gradient across any one of the multitude 
of membranes would be almost negligible. Mason and Maskell ( 28 ) find 
a similar disparity between streaming and conduction. 

Testing next the possibility for flow through the walls, substitution in 
the formula gives the minimum size of capillary through which the normal 
rate of flow could take place. 


11^ = 0.3^0.15-^60 = 0.033 cm. per sec. through the area of the 
phloem wails occupied by water. 

p = 7.0 atmospheres. 

1 = 50 cm. 


y, = 0.015. 

8x0.033x0.015x50 


r*’ = ■ 


7.0 x 980 x 1033 


= 2.8 x 10 s cm. 2 


r = 1.67 x 10' 4 cm. and the diameter of the capillary would be 3.3 jj. 


If flow were taking place between concentric cylinders, or in the limiting 
case, parallel planes, the formula becomes 


d „_ 3R,ly) 

P 

where 2 d = the distance between the planes. Substituting as before 


d 2 = 


3 x 0.033 x 0.015 x 50 


= 1.04 x 10 8 cm 2 . 


Then 


7.0 x 980 x 1033 
d = 1.02xl(P 4 cm., 2d = 2.04xl0~ 4 cm., or 2.04 p. 


Since both the diameter for the minimal capillary and the minimal dis¬ 
tance between parallel planes are much larger than would be expected for 
pore spaces in a jell, it becomes evident either that flow through the walls 
does not obey the viscosity formula or that some other mechanism is 
involved. 

The studies made on the penetration and accumulation of stains by sieve 
tubes suggest the possibility of another explanation for translocation 
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through the phloem. In young active sieve tubes exhibiting protoplasmic 
streaming, neutral red is readily accumulated but anilin blue penetrates 
with great difficulty. As the protoplast matures, neutral red is accumu¬ 
lated less and less and anilin blue penetrates more and more readily, 
staining slime drops, nucleus, and the callus of the sieve plate. Finally, 
after the slime drops and nucleus disappear, neutral red is no longer ac¬ 
cumulated, the cells can no longer be plasmolyzed with sucrose solutions, 
and anilin blue penetrates readily. 

Although not providing proof, these observations indicate an increasing 
permeability of the protoplasm of the sieve tube with maturity. If this is 
the case, there is the possibility that flow actually occurs partly in the walls 
and partly in the lumina of the sieve tubes, at least in those portions of the 
plant where mature sieve tubes exist. If this were the case, all that would 
be necessary in order that the sieve tubes show their usual characteristics 
is that they maintain a slight excess of turgor pressure above the hydro¬ 
static pressure present throughout the phloem. This they apparently do, 
for in fresh sections of living material, although failing to plasmolyze in 
hypertonic sucrose solution, they appear to maintain turgor unless injured 
in some way in the preparation of the section. 

Granting that such a combination occurs and that flow takes place par¬ 
tially through sieve-tube segments, it still seems improbable that the sieve 
plate is adapted to facilitate movement. Entry and exit would more likely 
take place between the protoplasmic connections and along the side walls. 
Certain microchemical tests indicate the presence of soluble reducing sub¬ 
stances in phloem walls which disappear upon leaching. If leakage from 
sieve tubes actually occurs, an explanation of their presence is greatly 
simplified. 

The mechanism of Munch, namely, movement from living cell to living 
cell by way of the plasmodesma, seems adequate in the mesophyll of the 
leaf because of the short distances and enormous surfaces exposed. If then 
the solution of assimilate passes from palisade to spongy parenchyma and 
thence by the border parenchyma to the phloem, and there is released into 
cells with increasing permeability, it should slowly leak from these cells into 
the walls.* By virtue of its osmotic activity it should continue to increase 
in volume until equilibrium is reached, and should flow in whichever direc¬ 
tion the pressure gradient lies. The only other restriction would be the 
external limiting layer of the phloem. Thus it could flow to the growing 
point to supply nutrients to the developing stem, or to the root where it 
would nourish the meristems and supply storage organs. 

Transport into the wood and out to the cortical tissues of the root 
appears again to be a case of movement from living cell to living cell, and 
wherever this type of movement occurs protoplasmic streaming should aid 
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materially in accelerating transfer. In longitudinal movement through the 
petiole and stem, however, it would seem totally inadequate, as it also 
would in explaining the exudation from cut stems observed in these studies. 

As the mechanism pictured here is developed, it can be seen to differ 
radically from that of Munch. The latter works between the turgor pres¬ 
sure of the assimilating cell and that of the utilizing cell. If this latter 
happened to be a meristematic cell of the growing point or cambium, it 
might have a higher turgor than the assimilating cell and translocation 
would become difficult to explain. In the mechanism herein pictured, the 
pressure gradient runs from the turgor of the assimilating cell to zero in 
the limiting case, and to a pressure approaching zero in all cases, it being 
assumed that the active growing or storing cell can maintain a low con¬ 
centration of nutrients in its inclosing walls, leaving the water free to move 
where it w T ill. This type of mechanism seems to fit more of the data and 
satisfy more of the requirements than many of the previously described 
theories. Mason and Maskell ( 28 ) object to the mechanism of Munch, 
feeling that the various substances which they have studied move inde¬ 
pendently, depending upon individual concentration gradients. When one 
considers the complexity of the system through which materials are moving 
in the mechanism being considered, it seems possible that this independence 
of movement may be only apparent. As the mixture of nutrients leaves 
the assimilating cells of the leaf, it is subject to losses all along the way 
from absorption by living cells. There is the possibility of increase in 
inorganic ions by diffusion across the cambium, as well as loss to the wood 
of all materials by leakage along the rays. Calcium is combined with 
organic acids in various regions and rendered immobile; sugar is respired 
at different rates in different tissues; meristematic activity occurs along 
the total line of transport while storage may be distinctly localized. Under 
this variety of conditions it would be difficult to determine the relation 
of any one constituent to the rate of flow or composition of the total 
mixture. 

With the possibility of movement through both sieve-tube lumina and 
phloem walls, the relative importance of these depends upon the resistance 
which each presents to mass flow. These resistances remain to be deter¬ 
mined by future work. 

Summary 

1. The theory that translocation of organic foods in plants occurs in 
sieve tubes and is facilitated by perforation of the end walls w^as developed 
by Hartig, Nagbli, von Mohl, and other early botanists and persists as 
the prevailing concept today. 
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2. Anatomists have considered the sieve plate to be perforated as an 
adaptation to rapid flow and few physiologists have questioned this 
mechanism. 

3. Protoplasmic streaming has been suggested as an accelerating 
mechanism in translocation in sieve tubes. 

4. Kuhla, Schmidt, Ruhland, Birch-Hirsciifeld, Dixon, Ball, and 
Crafts have raised various points in contradiction to this classical theory. 

5. Sieve tubes in cucurbits are of two types: (a) central tubes of the 
phloem and (&) peripheral tubes of the phloem, commissural, entoeyclic, 
and ectocyclic tubes. 

6. Type a tubes have short, broad elements, an internal protoplasmic 
mesh in mature stages, and a low coagulable content. Slime plugs and 
definitive callus occur under certain conditions. 

7. Type b tubes vary greatly in length but tend to be uniform in diam¬ 
eter. Internal protoplasmic strands are limited to sieve plates, and in 
mature stages these elements have a dense granular content. Slime plugs 
have not been found, and definitive callus appears only after obliteration 
or partial collapse. 

8. Slime drops occur in all young sieve tubes. The coagulable contents 
of type a tubes and the granular material in type b tubes seem related to 
disintegration of these structures. 

9. Protoplasmic connections traverse the sieve plates of mature sieve 
tubes, connecting the successive elements. While each strand is surrounded 
by a callus cylinder, no central pore has been found. 

10. Definitive callus is formed by elongation and lateral fusion of the 
callus cylinders, the protoplasmic connections being stretched in the process. 
No callus 4 ‘plugs’’ capable of “stopping” flow have been found. 

11. Slime plugs are caused by killing reagents or gravitation and are 
not related to normal sap flow. 

12. Mucous droplets or bubbles occur only near cuts and they would 
seem to hinder mass flow. 

13. Protoplasmic connections of the sieve regions are intimately related 
to the parietal cytoplasm and appear to have a protoplasmic content. 

14. Exudation from cut stems is practically limited to the phloem, 
except at the growing tips. 

15. Exudation from the cut peduncle of a fruit stored for six weeks 
was normal although the sieve tubes were heavily callused or had dense 
granular contents. 

16. Local chilling of cucumber stems resulted in a 55.7 per cent, de¬ 
crease in exudation rate. Cooling the entire plant to 17° C. reduced this 
rate even more. Local chilling did not affect dry weight of the exudate or 
exudation rate from unchilled portions. 
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17. Calculations indicate a sap flow in cucumber equivalent to displace¬ 
ment of the total phloem at a rate of 0.24 cm, per minute. Developing 
fruits have a dry weight of about 3.9 per cent. Exudate from these fruits 
has an average dry weight of 7.7 per cent. Exudation from cut peduncles 
is very rapid. 

18. Exudates from pumpkin and cucumber have an osmotic concen¬ 
tration equivalent to an average pressure of 7.0 atmospheres. Concentra¬ 
tion decreases from the tips toward the roots. 

19. The only continuous permeable phase throughout the plant is the 
cell wall. In phloem it is highly hydrated, shows regularity of structure, 
and occupies about 30 per cent, of the total volume in fresh sections. 

20. Calculations indicate that exudation from cut peduncles cannot 
be explained on the basis of mass flow through perforations in the sieve 
plates. 

21. In view of the increasing permeability of the sieve-tube cytoplasm, 
as indicated by staining and plasmolysis tests, it seems possible that move¬ 
ment may take place partly through sieve-tube lumina and partly through 
phloem walls. 
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EXPLANATION OF PLATES IV-IX 
Plate IV 

Fig. 1. Transverse section of vascular bundle of pumpkin stem killed in hot water 
and stained with water blue, x 75. 

Fig. 2. Longitudinal tangential section of pumpkin stem killed in hot water and 
stained with water blue. Peripheral tubes of phloem on the left; commissural tube 
traversing parenchyma tissue, and entocyclic sieve tubes on the right, x 75. 

Fig. 3. Longitudinal section of cucumber stem showing slime drops fixed in 50 per 
cent, alcohol mordanted Avitli IKI solution and stained A\ith water blue. Slime accumula¬ 
tion in mature sie\’e tube on the right, x 330. 

Figs. 4, 5. Transverse sections of cucumber (4) and pumpkin (5) stems showing 
slime drops in parietal protoplasmic layer. Killed in hot water fixed with alcohol .and 
stained Avith water bine, x 690. 
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Plate V 

Fig. 6. Freehand drawing showing optical section through young living sieve tube 
and companion cell of cucumber stained with neutral red. The protoplasm was stream¬ 
ing and constantly changing in form. x400. 

Fig. 7. Similar illustration of more mature sieve tube. The protoplasm was show¬ 
ing plastic movements and strands were narrow, often stretching and breaking while the 
section was under observationi. x 400. 

Figs. 8-12. Camera lucida drawings of sieve tubes of cucumber showing slime drops 
in successive stages of development. Fig. 8, young stage; fig. 12, slime drops disintegrat¬ 
ing. The internal protoplasmic strands are threadlike in fixed material. From stems 
killed in hot water, fixed in 50 per cent, alcohol and stained with water blue, x 175. 

Figs. 13-15. Slime drops accumulated in sieve tubes of cucumber stems cut and 
placed in boiling water. The sieve plates illustrated were near the cut end and accumu¬ 
lation was due to the killing action of the hot water. Sections fixed in alcohol and 
stained with water blue, x 175. 

Fig. 16. Slime accumulation in mature sieve tube of cucumber after disintegration 
of slime drops. Section from stem treated as in previous figures, x 175. 

Figs. 17, 18. Slime accumulation in sieve tubes of cucumber stems killed and fixed 
in 50 per cent, alcohol. Parts of the internal protoplasmic structure adhering to the 
pits in side walls, x 400. 

Figk. 19, 20. Slime accumulation in sieve tubes of cucumber stems killed and fixed 
in 95 per cent, alcohol. In figure 19 the parietal protoplasm has contracted and closely 
surrounds the coagulated slime; in figure 20 the violent contraction of the protoplasmic 
structures has entirely ruptured them on upper side of plate, while on lower side remnants 
of parietal layer remain; inner threads have contracted and are hidden within the mass 
of coagulated slime. Fig. 19, x 175; fig. 20, x 400. 

Fig. 21. Sieve tube of pumpkin stem killed in hot w T ater, showing protoplasmic con¬ 
nections drawm out by slight contraction of protoplasm. X 400. 

Fig. 22. Cell of epidermis of vein from dorsal side of cucumber leaf stained with 
pyoktanin blue to show protoplasmic connections. Protoplast was plasmolyzed and 
threads remain connected to pits, x 175. 
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Plate VI 

Fig. 23. Sieve plate in cucumber showing protoplasmic connections as black spots 
surrounded by callus cylinders, x 690. 

Fig. 24. Same sieve plate with focus raised to show the protoplasmic strands as 
light spots surrounded by the darker callus cylinders, x 690. 

Fig. 25. Same sieve plate with side illumination to bring out the crater-like appear¬ 
ance of ends of the callus cylinders, x 690. 

Fig. 26. Young sieve plate in pumpkin stem showing initiation of the callus 
cylinders surrounding protoplasmic connections, x 400. 

Figs. 27, 28. Mature sieve tubes of cucumber stem killed in 50 per cent, alcohol, 
showing slime accumulations, protoplasmic strings, and parietal protoplasm. Fig. 27, 
x 330 j fig. 28, x 690. 

Fig. 29. Transverse section of pumpkin stem showing thin parietal protoplasmic 
layer slightly plasmolyzed in places, x 540. 

Fig. 30. Slime accumulations in section of pumpkin stem. The section on the slide 
was touched on each end with a hot needle and this figure shows the resulting slime ac¬ 
cumulations on both sides of same sieve plate, x 690. 

Fig. 31, Calluaed sieve plate from old pumpkin stem stained with pyoktanin blue 
to show protoplasmic connections, x 690. 
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Plate VII 

Fig. 32. Slime accumulation in cucumber stem killed and fixed in 50 per cent, 
alcohol. Pieces of stem about 6 mm. in length were placed in the alcohol for 30 minutes 
and then sectioned. In the portion midway between the two ends, slime accumulations 
occurred in various positions in the sieve-tube elements. At cut ends they were present 
on the sieve plates on the side away from the cut. x 330. 

Fig. 33. Slime accumulation in section of cucumber stem treated on the slide with 
a hot needle, illustrating condition at a distance from the treated end. x 690. 

Fig. 34. Entocyclic sieve tube of pumpkin in slime drop stage. Slight plasmolysis 
in the lower element brings out relation of the slime drops to the parietal protoplasmic 
layer, x 330. 

Fig. 35. Sieve tubes at periphery of the phloem group (c/. with figs. 1 and 2) of 
same stem as shown in figure 34. These tubes are more mature but do not yet have 
definitive callus on their sieve plates, x 330. 
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Plate VIII 

Fig, 36. Pumpkin stem killed in hot water, showing densely filled peripheral sieve 
tube on right and central tubes with slime accumulations in center, x 150. 

Fig. 37. Entocyelic sieve tube of cucumber with definitive callus on sieve plate and 
having cracks in the dense amorphous contents, x 410. 

Fig. 38. Entocyelic sieve tube of pumpkin with amorphous mass at the sieve plate 
and granular content in remainder of tube, x 330. 

Fig* 39. Peripheral tubes in same stem as illustrated in figure 38. Amorphous 
material lines the walls, leaving granular core in center of the tubes. Contents of tube 
on right have become completely amorphous but have not yet cracked as in figure 37. 
x 330. 
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Plate IX 

Fig. 40. Camera lucida drawing of longitudinal section of cucumber stem showing 
commissural sieve tubes traversing parenchyma tissue, x 96. 

Fig. 41. Camera lucida drawing of transverse section of cucumber stem showing 
relation of commissural tubes to phloem groups and entocyclic tubes, x 96. 




FACTORS AFFECTING THE DISTRIBUTION OF IRON 

IN PLANTS 1 

C. H. Rogers and J. W. Shive 
(with eight figures) 

I. Introduction 

The influence of acid and alkaline reactions of the growth medium on 
iron relationships in plants has been known, or at least suspected, for over 
a century. The internal conditions of the plant in their relation to iron 
metabolism and chlorophyll production are not at all well understood. A 
number of investigations ( 22 , 23 , 20 , 18 , 16 , 14 , 10 , 3 , 1 ) have been carried 
out in which the general conclusion is that the reaction of the growth me¬ 
dium governs, to a large extent, the quantities of iron available to the plant. 
These observations are in keeping with the results obtained by Patten and 
Mains ( 24 ). Working with IIC1 solutions containing definite concentra¬ 
tions of iron, they found that, beginning with a pH of 3.5, iron was precipi¬ 
tated in increasing amounts up to pH 6.0, above which point practically no 
iron remained in solution. This was accomplished by adding, in separate 
experiments, ammonium hydroxide, sodium hydroxide, and hydrogen sul¬ 
phide to the hydrochloric acid solutions containing definite quantities of 
iron. The range of iron precipitation under these conditions thus extends 
from pH 3.5 as the lower limit to pH 6.0 as the upper limit. 

All of this work deals with the influence of the reaction of the growth 
medium on the availability of iron. Very little has been said regarding the 
possible influence of internal reactions on the availability and mobility of 
iron within the plant. Investigations ( 21 , 12 , 13 , 17 ) in which actual quan¬ 
titative measurements w T ere employed in determining iron in the plant tis¬ 
sues generally indicate that plants chlorotic from lack of available iron 
contain as much, or more, total iron per unit weight of tissue than do nor¬ 
mal green plants of the same species. From this it follows that certain 
internal conditions may render unavailable to the chlorophyllous cells the 
iron already in the plant. 

Ingalls and Shive (15) found that not only does the H-ion concentra¬ 
tion of plant tissue fluids fluctuate over a 24-hour day and night period, 
but that the soluble (filterable) iron content also fluctuates, and, in most 
cases, is directly proportional to the H-ion concentration of the respective 
tissue fluids. The pH of fleshy succulents fluctuates much more than does 
that of thin-leaved or non-succulent forms, the H-ion concentration in all 

i Journal Series paper of the New Jersey Agricultural Experiment Station, Depart¬ 
ment of Plant Physiology. 


227 



228 


PLANT PHYSIOLOGY 


cases being higher at night and decreasing with increased light intensity. 
Plants with a pH of tissue fluids lying near or at the upper limits of iron 
precipitation show a much greater fluctuation of filterable iron content fol¬ 
lowing variation in pH of tissue fluids than do plants with a pH near the 
lower limits of iron precipitation. 

Gustafson ( 11 ), using Bryophyllum calycinum, found a fluctuation of 
approximately two pH units over a 24-hour period. On the other hand, 
plants kept in darkness (all other factors being similar) showed very little 
or no fluctuation over the same 24-hour period. 

Aubert ( 4 ) was one of the pioneers who attempted to explain why 
plants were more acid at night than in the daytime. His work was done 
with cacti,—fleshy succulents in which there is considerable fluctuation in 
pH from day to night. He concluded that increased acidity at night is 
due to the formation of organic acids, chief of which is malic acid. The 
acid formation is the result of incomplete or partial oxidation of the more 
complex compounds. In the daytime, these acids are broken down by the 
sunlight: a photolytic process. Spoehr ( 29 ), working with the same plant, 
arrived at conclusions similar to those of Aubert. By the action of sun¬ 
light and a mercury arc lamp, he found that malic acid solutions are decom¬ 
posed and the acidity of expressed cactus sap is greatly decreased. Rich¬ 
ards ( 26 ), also using the cactus, arrived at conclusions similar to those of 
Aubert and Spoehr. He thinks, however, that this partial oxidation, acid¬ 
forming process, goes on in the daytime as a part of natural processes, but 
is hidden, for the most part, by photolytic action, which breaks down the 
acids formed. Warming (30) finds it generally true that in succulent 
xerophytic land plants the air-containing intercellular spaces are very nar¬ 
row. In this connection he cites measurements by Altenkirch. From 
these facts and the researches of Aubert ( 4 ), Warming thinks that this 
limited air passage does not allow for sufficient oxygen supply; hence the 
formation of acids due to partial oxidations. 

II. Experimentation 

A. Introductory 

It has frequently been found that certain plants become chlorotic, ap¬ 
parently from lack of iron in the chlorophyllous cells of the leaves, although 
excessive quantities of iron are present in the tissues of the steins and leaves 
of these plants. The problem here investigated is an attempt to find in 
just what tissues these excessive accumulations of iron occur, and to deter¬ 
mine why such a phenomenon occurs in some plants and not in others. 

Experiments were planned whereby quantitative determinations might 
be made for total and soluble iron content of plants having juices with very 
high pH values and others having tissue fluids with very low pH values, the 
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plants being grown both in artificial media and in the open field. For de¬ 
terminations of soluble iron, the juices of the stems and leaves were ex¬ 
tracted and filtered and the filtrates analyzed. Total iron was determined 
by analyses of the dried plant tissues. A study was then made of the rela¬ 
tion between soluble and total iron content of these plants and the pH 
values of the extracted tissue fluids, to determine to what extent pH values 
of the extracted juices influenced distribution and availability of iron in 
the plants for chlorophyll production. 

An investigation was also undertaken to determine the H-ion concen¬ 
trations of the various tissues and of cells in sectional areas of the different 
organs; and to study the influence of pH values of the different tissues 
upon iron accumulations in them, and upon translocation and precipitation 
of iron in these plants. This investigation was carried out by means of 
microchemical methods and microscopical observation of sectional areas, 
which are described in the following pages. 

B. Treatment of samples preparatory to analysis 

In order to obtain comparative results, plant samples for pH and iron 
determinations must be representative, and must be taken at definite inter¬ 
vals over a period of 24 hours, since it has been shown that the pH of plant 
sap varies with light intensity (11, 15) and the soluble iron content varies 
with the pH (15). In the present series of experiments, it was decided to 
collect samples at 4-hour intervals, namely, at 10 a. m., 2 p. m., 6 p. m., 2 
a. m., and 6 a. m. The collection of samples was always made on clear days, 
so that maximum differences in light intensity between day and night could 
be obtained. 

The samples were broken or cut with a highly polished, stainless steel 
knife into small pieces and thoroughly mixed, so that representative sam¬ 
ples for analyses could be obtained. This was the only time during the 
procedure that the material was allowed to come in contact with anything 
but glass surfaces. Part of the material collected at each interval was put 
into small glass dishes suitable for weighing. From this, dry weight and 
total iron determinations were made. The other part of each sample was 
put into glass vials, paraffined cork stoppers were inserted, and the whole 
plunged into an ice-salt mixture and frozen as soon as possible. After 
being thoroughly frozen, the material was allowed to thaw in warm water and 
the sap was extracted by means of a small handscrew press. Two or 3 cc. 
of the sap were poured into a short Pyrex tube, and electrometric pH deter¬ 
minations were made immediately. The remainder of the sap (at least 4 
or 5 cc.) was filtered through a high-grade quantitative filter-paper. One 
cc. duplicate or triplicate samples Of the filtered juices were measured into 
Pyrex digestion tubes immediately after filtration was completed. Iron 
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analyses of these samples were later made. Green weights were quickly 
obtained and recorded, using the material set aside for this determination. 
These procedures were accomplished as quickly as possible after sampling, 
in order to avoid any appreciable physical or chemical changes before de¬ 
terminations were completed. After weighing the green tissue, it was dried 
in. an electric oven at 85° C. for 48 hours, and then six to eight hours at 
102°. The dry weights were recorded and this material was preserved for 
total iron determinations. In order to calculate the amount of filterable 
(soluble) iron per gram of dry tissue, the number of grams of water per 
gram dry w r eight was determined, and this figure multiplied by the figure 
representing the amount of iron found in the 1-cc. sample of filtered juice; 
the resulting figure was taken, to represent the amount of soluble iron per 
gram of dry tissue. 

The material to be collected was thoroughly washed by spraying witli 
distilled water once the day before and again three or four hours before 
collecting of samples began. This was done to rid the tissue, as much as 
possible, of dust and dirt that might have accumulated during growth of 
the plants. 

III. Analytical methods 

A. Miorochemical 

pH determinations.— In making pH determinations of cells and tis¬ 
sues, a series of indicator dyes recommended by Clark (5) and Small 
(27) was used. The series consisted of the following eight dyes, listed 
with their color and pH ranges: 


Meta Cresol Purple 
LaMotte Yellow 
Bromphenol Blue 
Bromcresol Green 
Methyl Red . . 
Chlorphenol Red 
Bromthymol Blue 
Phenol Red .. 


Red 1.2-2.8 Yellow 
Red 2.6—4.2 Yellow 
Yellow 3.0-4.6 Blue 
Yellow 3.S-5.4 Blue 
. Red 4.4—6.0 Yellow 
Yellow 5.2-6.S Red 
Yellow 6.0-7.6 Blue 
Yellow 6.8-S.4 Red 


Aqueous solutions of the alkali salts were prepared according to directions 
given by Clark (5). 

For making the actual pH determinations, free-hand sections of the tis¬ 
sues were made with a sectioning razor, the sections quickly rinsed in dis¬ 
tilled water, and placed in spot plate depressions containing the dye solu¬ 
tions* A large spot plate w T ith eight depressions was used, so that different 
sections of the same tissue could be put in all of the eight dyes at the same 
time. After standing half an hour or more, observations could be made. 
This whs accomplished by quickly rinsing the sections in distilled water, 
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placing on a slide in a drop of distilled water, and immediately observing 
with the microscope. 

Iron tests. —Tests for iron were made by making free-hand sections 
with a high quality, highly polished, stainless steel sectioning razor, quickly 
rinsing in distilled water, treating with a dilute (1-15) solution of hydro¬ 
chloric acid, and then from 15 to 30 minutes with a 1.5 per cent, solution 
of potassium ferrocyanide. In the presence of iron, a blue precipitate is 
formed. This iron complex, commonly called Prussian blue or Berlin blue, 
is ferric ferrocyanide, and is formed in the presence of ferric iron. Fer¬ 
rous iron may be determined by using potassium ferricyanide, but for total 
iron (ferrous and ferric iron) this is unnecessary, since the ferrous ferro¬ 
cyanide formed in the presence of ferrocyanide and ferrous iron soon oxi¬ 
dizes to the ferric ferrocyanide. These tests may also be made either 
directly on the micro slide, or in watch glasses and then transferred to the 
slide. In all of the microchemical tests, the sections were handled with 
glass-tipped forceps. 

B. Macrochemical 

pH determinations. —pH determinations were made on about 3 cc. of 
extracted sap, by means of a hydrogen electrode and Type K Leeds and 
Northrup potentiometer. Hydrogen was bubbled through the solution 
until a constant potential was obtained, a procedure which usually required 
about 40 seconds. The electrode was cleaned and blacked frequently and 
checked against a standard buffer solution at frequent intervals through¬ 
out the work. 

Iron analyses. —Iron analyses were made according to the Wong (31) 
method, somewhat modified, which consisted of thoroughly digesting the 
sample with sulphuric acid, oxidizing with sodium chlorate, and adding 
potassium thiocyanate; after which the contents were made to a known 
volume and colorimetrically compared with a known standard solution. 
The red coloration obtained is due to the formation of ferric thiocyanate. 
The analyses were made in Pyrex digestion tubes, graduated to 12.5 cc. 
and 25 cc. Details of the method are given by Ingalls and Shive (15), 
and may therefore be omitted here. 

The material for total iron was furnished by that used in making mois¬ 
ture and dry weight determinations. This material was ground to a pow¬ 
der with a mortar and pestle and allowed to dry for a day, first in the oven 
at 75° C. for six hours, and then in a desiccator. One-tenth gram samples 
were accurately weighed and transferred to the previously mentioned 
graduated Pyrex digestion tubes. 
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IV. Influence of H-ion concentration on soluble and 
total iron content 

The purpose of these experiments was to study the relations of H-ion 
concentration to total iron and soluble iron in plants with juices having 
very high and very low pH reactions, and to determine whether the filter¬ 
able (soluble) iron content of such plants remains fairly constant over a 
24-hour day and night period under these conditions of very high and very 
low pH reactions. In accordance with the work of Patten and Mains 
(24), in which they found that all iron was precipitated from a hydro¬ 
chloric acid solution at and above a pH of 6.0, while all iron remained in 
solution below a pH of 3.5, it might be inferred that plant juices with a 
pH above 6.0 contain no soluble iron, and those with a pH below 3.5 con¬ 
tain iron in the soluble form only. From the data presented in these ex¬ 
periments, it becomes apparent, that the results obtained by Patten and 
Mains with hydrochloric acid solutions cannot be applied to extracted plant 
juices. 

By determining the pH values of the expressed juices of a number of 
species, it was found that the juices of Oxalic repens and Rumex acetosella 
had the lowest pH values of any species tested, while Solanum tuberosum 
and Glycine max juices had rather high pH values. These plants were 
grown in ordinary wooden flats containing a well composted and thoroughly 
mixed soil. 

Samples of the plants were collected at 4-hour intervals over a 24-hour 
(day and night) period, and the juices extracted as previously described. 
The results of the pH and iron determinations of the juices of these plants 
are given in tables I and II, and the averages of these over the 24-hour 
period are given in table III. The data from tables I and II are illustrated 
graphically in figures 1 and 2 respectively. 

In preparing the graphs illustrating the relations of light intensity, 
H-ion concentration, and soluble iron content, both iron and pH values 
were plotted on the same graph, using a common abscissa but different ordi¬ 
nates. For purposes of clearer illustration, the values for soluble iron were 
arranged in the inverse or descending order, since these values decrease 
with increasing pH values. 

It has been shown by Ingalls and Shive (15), and it might well be 
expected, that in such a plant as Bryophyllum, where the pH of the plant 
juice fluctuates widely from near the lower limits to the upper limits of 
iron precipitation (pH 3.5-6.0), according to Patten and Mains, the solu¬ 
ble iron content might also vary over a wide range during consecutive 
periods of high and low light intensity; and it has indeed been found that 
the higher the light intensity and the higher the pH of the plant tissue 
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fluids, the lower is the soluble iron content. If the results of Patten and 
Mains could apply to plant juices, it might then be expected that in plants 
which show fluctuating pH values, either entirely above the extreme upper 
limit (pH 6.0) of iron precipitation or entirely below the extreme lower 
limit (pH 3.5), there should be little or no variation in the soluble iron 
content with variation in light intensity and with resulting variations in 
pH values of tissue fluids. Again, from the experimental results presented 
here, it will be seen that such values do not hold true in the case of ex¬ 
tracted plant juices. 

Ingalls and Hiiive (15), working with nine different species with pH 
values ranging from 4.04 to 6.1, found the soluble iron content to vary in 
an inverse relation with the pH values; that is, decrease in pH values of 
plant juices is followed by a corresponding increase in soluble iron content, 
and vice versa. Some of the species showed much greater fluctuations in 
pH values and soluble iron content of the tissue fluids than did others, the 
fluctuation increasing with increased succulency of the plants. 

Oxalis and Rumex 

It will be observed from table I that fluctuations in the pH of the plant 
juices of Oxalis and Rumex do not vary through wide ranges with varia¬ 
tion in light intensity from day to night. Oxalis shows a range in pH 


TABLE I 

pH, filterable and total ikon in Rumex and Oxalis over a 24-iiour period 


Species 


Time of 
collecting 

pH 

Iron (mg. per gm. dry weight) 

Filterable 

Total 




mg. 

mg. 


• 

10 A. M. 

1.995 

0.063 

0.167 



2 P. M. 

1.893 

0.053 

0.158 

Oxalis 


6 P. M. 

1.961 

0.047 

0.183 

(leaf) 


10 P. M. 

2.198 

0.050 

0.189 



2 a. m. 

2.164 

0.072 

0.165 



6 A. M. 1 

1.927 

0.061 

0.160 



10 A. M. 

2.502 

0.092 

0.194 



2 P. M. 

2.603 

0.072 

0.194 

Rumex 


6 P. M. 

2.671 

0.075 

0.196 

(leaf) 


10 P. M. 

2.570 

0.077 

0.206 



2 A. M. 

2.520 

0.092 

0.191 



6 A. M. 

2.468 

0.093 

0.200 


variation from 2.198 to 1.893, and the juices of Rumex show a variation 
between 2.671 and 2.468 from day to night. The filterable iron content of 
the Oxalis plant shows a corresponding range of variation, but in this plant 
there appears to be no relation between the variation in pH and the varia* 
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tion in soluble iron content; while Rumex shows the definite inverse rela¬ 
tion between pH and filterable iron content of plant juices which has been 
found for many other species. It is to be emphasized that although these 
fluctuations are no doubt significant, they vary over a rather narrow range. 

While the juices of Rumex at all times show pH values considerably 
below the lower limit (pH 3.5) of iron precipitation as indicated by Pat¬ 
ten and Mains (24), this plant nevertheless shows the same correlation 
between pH and soluble iron content of tissue fluids as do the species inves¬ 
tigated by Ingalls and Shive (15). On the other hand, Oxolis, with ex¬ 
tremely low pH values of tissue fluids, shows no such correlation, nor does 
there appear to be any direct relation between light intensity and pH of 
tissue fluids in this plant, although both pH values and soluble iron content 
fluctuate quite as much during a 24-hour period as do these values in 
Rumex. The relations of pH values and soluble iron content for Rumex 
are clearly indicated by the graphs of figure 1, which w r ere plotted from 
the data of table I. 


Fe mgs, 
per gm 
dry wt, 
.071 

.074 

.077 

.080 

.083 

.086 

.089 

.092 

.095 


* 10 a.m. 2 p.m. 6 p.m. 10 p.m. 2 a.m. 6 a.m. 

Fig. 1. Graph showing relation of pH to soluble iron content of Rumex leaves dur¬ 
ing 24-hour experimental period. 

From the evidence obtained in the experiments with Rumex, it may 
safely be concluded that, although the pH values during a 24-hour period 
never reach the lowest point (pH 3.5) in the iron precipitation range, as 
found by Patten and Mains (24), the soluble iron content is nevertheless 
directly correlated with fluctuations in the H-ion concentration. 
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Soy bean and potato 

As may be observed from the data presented in table II and the graphs 
of figure 2, which were plotted from these data, the soluble iron contents 
of both the potato and the soy bean plant show, during a 24-hour period, 

TABLE II 

pH, filterable and total iron content in potato and soy bean p lan ts at diff eren t 

INTERVALS OVER A 24-HOUR PERIOD 


Species 

Time of 
sampling 

pH 

Iron (mg. per gm. dry weight) 

Filterable 

Total 




mg. 

mg. 



10 A. M. 

6.188 

0.026 

0.612 



2 P. M. 

6.576 

0.028 1 

0.522 

Potato 


6 P. M. 

6.424 

0.029 

0.580 

(leaf) H 


10 P. M. 

6.306 

0.029 

0.498 



2 A. M. 

6.272 

0.031 

0.538 



6 A. M. 

6.238 

0.034 ; 

0.652 



10 A. M. 

6.002 

0.010 

0.314 



2 P. M. 

6.086 

0.010 

0.444 

Soy bean 


6 P. M. 

5.934 

0.012 

0.484 

(whole plant) ' 


10 P. M. 

6.103 

0.011 

0.594 



2 A. M. 

6.019 

0.016 

0.619 



6 A. M. 

5.833 

0.019 

0.682 


fluctuations which are closely correlated, in an inverse relation, with the 
fluctuations in pH values of the tissue fluids. The average pH of the po¬ 
tato is 6.334 and that of the soy bean is 5.996, as indicated in table III. 

TABLE III 

Average soluble iron, total iron, and pH values for Oxalw, Rumex , potato and soy 

BEAN, OVER a 24-HOUR PERIOD 


Species 

pH 

Iron 

Soluble 

Total 

Oxalis (leaf) 

2.023 

§4 
00 • 

mg. 

0.170 

Rumex (leaf) 

2.563 

0.084 

0.197 

i 

Potato (leaf) 

6.334 

0.029 

0.567 

Soy bean (whole plant) 

5.996 

0.013 

0.522 


Soluble iron content of the soy bean fluctuates very strikingly following 
fluctuations in the pH values of tissue fluids. In the juices of these plants, 
the pH varies from just above the point of complete iron precipitation (as 
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found by Patten and Mains) to just below this point. The same close 
relation holds for fluctuations in the potato, with the exception of the first 
daylight period, although no pH value is as low as the extreme upper limit 
of iron precipitation. From the foregoing results, it may be concluded that 
although the pH values of tissue fluids of certain plants may lie consider- 



Fig. 2. Graphs showing relation of pH to soluble iron content of soy bean and of 
potato plants during 24-hour experimental period. 
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ably above the upper limit of iron precipitation in inorganic solutions, the 
soluble iron content still rises and falls within a narrow range with the 
fluctuating pH values resulting from variations in light intensity. This 
feature of the problem will receive more detailed consideration in a later 
section, but it might not be out of place here to emphasize several impor¬ 
tant points. 

From the results obtained in this investigation, it is apparent that the 
range in pH values over which iron precipitation may proceed in simple 
inorganic solutions, according to the work of Patten and Mains, cannot 
hold for complex organic systems such as are represented by the tissue 
fluids in plants. Plants yielding composite tissue fluids with pH values 
considerably above 6.0 still contain soluble iron, although in relatively low 
concentrations, yet in sufficient concentration to supply the needs of the 
plant under favorable conditions. Furthermore, plants yielding composite 
tissue fluids with pH values convsiderably below the lower limit of iron pre¬ 
cipitation in simple inorganic solutions still contain insoluble iron, or at 
least iron which does not appear in the filtered plant juices with the meth¬ 
ods here employed; although Ingalls and Siiive (15) have shown that in 
some high-acid plants, practically all of the iron is present in the filterable 
form, and may be recovered in the filtrate. 

It will be seen from tables I, II, and 1H that plants with juices having- 
high pH values have high total iron and low soluble iron content, while 
plants with juices having low pH values have low total iron and high solu¬ 
ble iron content. This means that in plants with relatively high acid reac¬ 
tion, most of the iron is in solution; while in plants with relatively low acid 
reaction, most of the iron is in the insoluble form and accumulates as such. 
It is more than probable that if, for some reason, all of the iron in the soy 
bean or potato plant should suddenly become soluble, it w r ould be extremely 
toxic to the respective plants. Even chlorotic plants, as has already been 
stated, may have large accumulations of iron present, even in the chlorotic 
leaves; but this iron may still be unavailable for the processes requiring it 
in the chlorophyllous cells. Two important questions arise: Where and 
why do such accumulations of iron occur? Consideration of these ques¬ 
tions will be attempted in the following section. 

V. H-ion concentration and distribution of iron as determined by 
microchemical examination of sectional areas 

In carrying out this investigation, it was assumed that a microchemical 
study of sectional areas of plant tissues might bring out some facts with 
regard to H-ion concentration of tissues, and its relation to distribution of 
iron, which could not be obtained by making chemical analyses of tissues of 
different plant organs and determining the pH values of their juices. This 
proved to be the case. 
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In these studies, fresh tissue sections were prepared, microchemical tests 
were made for iron, and pH values of the different tissues over these sec¬ 
tional areas were determined as previously described. Plants were pur¬ 
posely chosen which yielded composite juices having very low and very 
high pH values. Among the former were Oxalis repens and Rumex aceto- 
sella, and among the latter were such plants as Zea mays, Solannm tubero¬ 
sum, Trifolium repens, and Glycine max. 

Sections were prepared from plants grown in the field, and aLso from 
those grown under controlled experimental conditions in the greenhouse. 
Great numbers of these tissue sections were prepared and studied, but only 
a few photographs (made from camera lucida drawings) of representative 
sectional areas are here presented and discussed. In the diagrams of these 
sectional areas, iron, as determined by the microchemical tests employed, is 
indicated in the cells of the different tissues by stippling, and the attempt 
is thus made to show approximately the relative quantities of iron present 
in the cells of the various tissues as these were made apparent by micro¬ 
scopical examinations of the sections after chemical treatment. The meth¬ 
ods are strictly qualitative, however, and must be so regarded; they do not 
differentiate between iron in the soluble form and as a precipitate. 

The methods employed in the determination of pH values of the different 
tissues and cells in sectional areas may not be regarded as being particularly 
accurate, nor has any method yet been devised by means of which great 
accuracy may be attained in determining pH values of tissues or cells in 
cross-section. An attempt has been made, however, to determine two values 
between which it may be regarded that the true pH of the tissues or cells 
in question is located. In the following consideration of data relating to 
sectional areas of plant tissues, two such values are always presented. 

Oxalis. —The data representing the pH values of the different tissues in 
a cross-section of the stem of Oxalis are presented in table IV. These data 
indicate that the pH of all the tissues is relatively very low, the values 


TABLE IV 

Approximate pH values of various tissues of tiie stem of Oxalis studied in 

CROSS-SECTION 


Tissues 

pH values 

Tissues 

pH VALUES 

Cortex 

4.2-3.8 

Cambium 

. 

Epidermis 

2.8-2.6 

Xylem 

3.0—2.4 

Endodermis 

2.8-2.2 

Pith 

4.2-3.8 

Phloem . . 

4.4—3.8 
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lying between pH 2.8 and 2.2 for endodermis cells, and between pH 4.4 and 
3.8 for phloem. The average pH of the composite tissue fluid extracted 
from the stem of this plant, as previously given, is pH 2.023. 

Examination of the diagram of figure 3, showing a cross-section of the 
stem of Oxalis, brings out the fact that the iron in this stem, as determined 
by microchemical methods, is rather uniformly scattered in all the tissues, 
and that the iron content of all the tissues is apparently very low, as this 
is determined by the methods here employed. This uniform distribution 
and low iron content are characteristic of the conditions throughout the 
plant. Accumulations of iron were not found anywhere in the tissues of 
this plant, except for slight accumulations which were sometimes observed 
in rather large isodiametric cells in the outer cortex. 



Fig. 3. Section of Oxalis stem showing low iron content but uniform distribution 
of iron in practically all tissues. 
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While the results obtained by chemical analyses of the plant tissues and 
of the extracted tissue fluids are in agreement with the results obtained by 
microchemical and microscopical studies of sectional areas, as here de¬ 
scribed, the former method does not, by any manner of means, give as 
detailed or as accurate a picture of the conditions with respect to iron and 
pH relations as does the latter method. 

Bumex. —As will be observed from the data of table V, the pH values 
of the tissues across a sectional area of Bumex petiole are rather low, rang¬ 
ing from 4.4 to 4.0 for phloem to 2.8-2.4 for sclerenchyma cells. These 

TABLE V 

Approximate pH values of various tissues of Bumex in cross-section of leaf 

PETIOLE 


Tissues 

pH values 

Tissues 

pH values 

Cortex . 

4.0-3.6 

Xylem . 

3.0—2.6 

Phloem . 

4.4-4.0 

Pith . 

3.8-3.4 

Sclerenchyma 

2.8—2.4 





Fig. 4. Section of Bumex petiole showing low content of iron but somewhat uni 
form distribution in practically all tissues. 
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data are typical of those for sections taken from any part of the plant. 
The diagram of figure 4, like that of figure 3 for Oxalis , shows no accumula¬ 
tion of iron in any of the tissues, but indicates a fairly uniform distribution 
of iron in relatively small quantities throughout the cross-section. 

It is thus apparent that in plants in which all the tissues show relatively 
low pH values, iron does not accumulate in any one tissue to a greater 
extent than it does in another. Furthermore, chemical analyses of the 
filtered tissue fluids of such plants indicate that most of the iron is in the 
soluble form. It is therefore to be concluded that iron migrates freely in 
these plants, and that there is no serious obstruction by any of their tissues 
to its movement from channels of translocation to the chlorophyllous cells 
of the leaves. Plants of this type have shown no tendency to become 
chlorotic from lack of iron when grown in artificial culture media containing 
mere traces of iron, even under experimental conditions definitely unfavor¬ 
able for growth. These plants present no difficult iron problems, such as 
are frequently encountered in attempting to grow in artificial growth media 
plants in which the pH values of the tissues lie close to those representing 
the upper limit in the range for iron precipitation. 

Corn.— A thorough study was made of sectional areas of the corn plant, 
for the reason that, when growing this plant in culture solutions, some diffi¬ 
culty was always experienced in preventing chlorosis of the leaves caused 
by the apparent absence of sufficient iron in the leaf mesophyll. The pH 
values of the composite tissue fluids extracted are relatively high. Table 
VI, however, shows the xylem and the cells of the bundle sheath to have 
relatively low pH values; while the phloem, cortex, and leaf mesophyll 
have high pH values. 

TABLE VI 

Approximate pH values of various tissues of stem and leaf of corn plant 

STUDIED IN CROSS-SECTION 


Tissues 

pH 

Tissues 

pH 

Xylem (parenchyma) . 

4.S-4.6 

Phloem . 

6.S-5.8 

Xylem (vessels) 

4.4-4.0 

Cortex . .. . 

6.0-5.6 

Bundle sheath 

4.6-4.4 

Leaf mesophyll 

6.0-5.6 

Selerenchyma . 

4.8-4.6 




In direct contrast to the conditions found in Oxalis and Rumex, the 
com plant shows very heavy accumulations of iron, primarily in the bundle 
sheath and in cortical cells immediately surrounding it. These conditions 
are shown in the diagram of figure 5, which is typical of many sectional 
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areas prepared from stems and leaves. It is significant that in both the 
stem and leaf of corn, small amounts of iron were always found in the ves¬ 
sels. This was usually observed in all the plants studied. No iron was 
found in cortical cells of the stem, nor in mesopliyllous cells of the leaf 
slightly removed from the bundle region. No trace of iron was found in 
the phloem of the stem or leaf. Apparently iron penetrates the phloem of 
the leaf and stem with difficulty or not at all. The pH of this tissue is the 
highest of any found in corn. 



PlO. 5: Section of corn stem showing very heavy iron accumulations in the tissues 
of the bundle Bheatli. 

It is remarkable to note that in a chlorotic corn leaf, chlorophyll was 
present only in the mesophyllous cells surrounding the bundles and those 
near the strip of sclerenchymatous tissue near the upper surface opposite 
each large vascular bundle. In the leaf blade, beginning a short distance 
from the midrib, the bundle and this strip of mechanical tissue approach 
each other rather closely, so that the spongy tissue between the two is only 
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two or three cells in thickness. In a chlorotic leaf, these cells, as well as 
those near the bundle and sclerenchymatous tissue, possess chlorophyll, 
while those between the bundles are devoid of it. Such a condition is 
externally apparent to the naked eye. The course of the veins is marked 
by dark green lines, while the space between them is yellow or greenish 
yellow, depending upon the degree of chlorosis. 

A study of sectional areas of chlorotic corn leaves and of green leaves 
brings out the fact that chlorotic leaves contain as much or more iron than 
do green leaves, in so far as this can be detected by microchemical methods. 
This is indicated also by chemical analyses of the tissues in question. In 
the chlorotic leaves, however, the iron is confined to the bundle regions; 
and from these regions it penetrates, if at all, only to the cells lying in close 
proximity to them or to sclerenchyma tissue. This is undoubtedly due, in 
large measure, to the steep pH gradient existing between the cells of the 
bundle sheath and those immediately to the exterior. 

The root tissues of corn, as a whole, are somewhat more acid than are 
the corresponding stem tissues. In the roots of corn, iron in very small 
quantities was found somewhat well distributed, except that small accumu¬ 
lations were sometimes observed in the cells between the endodermis and 
the xylem, and in the phloem. In the prop roots, larger accumulations 
were observed in the phloem. 

From the foregoing considerations, it is evident that in the corn plant 
certain tissues may offer considerable resistance to the passage of iron from 
the channels of translocation to the chlorophyllous cells, and such obstruc¬ 
tions may become rather serious under slightly unfavorable growth condi¬ 
tions. In this plant, the morphological structure is such that the channels 
of iron translocation are completely surrounded by tissues with very high 
pH values, through which iron migrates with difficulty. 


TABLE YII 

Approximate pH values of various tissues of leaf petiole of clover and soy bean 

STEM STUDIED IN CROSS-SECTION 


Plant 

1 Tissues 

pH 

Tissues 

pH 



C Xylem (vessels) 

4.8-4.6 , 

Phloem 


' 7.2~6.8 

Clover 

j 

I Xylem (parenchyma) 

1 

5.6-5.4 

Cortex 

, 

6.8-6.4 



{ Sclerenchyma 

4.8-4.6 

Pith 

. 

0.8-6.4 



Xylem (vessels) 

5.0—4.6 

Phloem 


7.4-G.8 

ftov bean 


Xylem (parenehyma ). 

6.6-6 .2 

Cortex 


7.0-6.6 



S<*lf>rpnchv»nn 

5.0-4.6 

Pith . 


7.2-6.6 
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Clover and soy bean. —The pH data for clover and soy bean are given 
in table VII. It will be observed that the tissues of these two legumes, 
except the xylem and sclerenehyma, show relatively high pH values. In 
these two plants there is always a steep pH gradient between xylem and 
phloem, between sclerenehyma and phloem, and between sclerenehyma and 
cortex; so that from the xylem outward there are regions of relatively low 
pH which alternate with regions of high pH. The diagrams of figures 6 
and 7, which represent respectively cross-sectional areas of petiole of clover 
and stem of soy bean, show that while iron occurs generally in the xylem 
tissues, it accumulates to a marked degree in the border regions between 
xylem and phloem and between sclerenehyma and phloem. This is particu- 



Fig. 6 v Section of clover petiole showing iron accumulation in the phloem. 

larly true of the soy bean, whose tissues show somewhat higher pH values 
than do the corresponding tissues of clover. Much of this accumulated 
iron is without doubt in the precipitated form, since chemical analyses show 
very high total iron for these plants and exceedingly low total iron for the 
filtrates of the extracted tissue fluids. Small amounts of iron were gen¬ 
erally found also in the cortical tissues of these two species, just outside of 
low pH sclerenehyma. While iron was not found in this mechanical tissue. 
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Fig. 7. Section of soy bean stem showing heavy accumulations of iron in the 
phloem. 

except an occasional trace, it appears to have some influence in the trans¬ 
location of iron into bordering tissues having much higher pH values. 

Potato. —As indicated in table VIII, the pH values of the tissues of the 
potato plant are very high, ranging from pH 7.6-6.6 for phloem to pH 
5.0-4.6 for xylem. There is thus a steep pH gradient between? xylem and 

TABLE VIII 

Approximate pH valves of various tissues of stem and petiole of potato plant 

STUDIED IN CROSS-SECTION 


Tissues 

pH 

Tissues 

PH 

Xylein (parenchyma) 

6.6—6.2 

Cortex 

6.8—6.4 

Xylem (vessels) 

5.0-4.6 

Pith 

7.0-6.4 

Phloem 

7.6—6.8 




phloem, with heavy accumulations of iron in the phloem, as indicated in 
the diagram of figure 8, representing a cross-sectional area of a leaf petiole. 
Small quantities of iron are also found in the vessels and scattered through¬ 
out the cells of the xylem parenchyma. 
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As has previously been shown, the total iron content of this plant is 
very high, while the iron content in the filtrate of its extracted juices is 
it^appear^;'therefore, that the iron accumulation in the internal 
and external phloem largely represents precipitated or non-functioning iron. 

The potato plant, in marked contrast to the corn plant, may be grown in 
artificial culture media without showing such a strong tendency toward 
becoming chlorotic as is exhibited by the corn plant in the same medium, 
although the tissues of the former show considerably higher pH values than 
do the corresponding tissues of the latter, and in spite of the fact that the 
tissue fluids of the corn contain a much higher filterable iron content per 
gram of dry tissue than do those of the potato. It is apparent, therefore, 
that there is an inherent difference between these two plants with respect 
to the economy of iron utilization and its transfer from channels of trans¬ 
location to chlorophyllous cells, for which at the present time no adequate 
explanation can be offered. 

Discussion 

A study of the tissues of different plants, and the determination of their 
approximate pH values, bring out the fact that, in all the plants studied, 
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the xylem tissues always showed the lowest pH values and phloem the 
highest. Sclerenchymatous tissues, whenever these occurred, showed pH 
values which were about the same or slightly higher than those of the 
xylem. 

In the study of iron distribution in the plants, as determined by the 
microchemical methods here employed, it is significant that small amounts 
of iron were always present in the vessels and in the xylem parenchyma, 
but in no instance did pronounced iron accumulation occur in these tissues. 
On the other hand, marked accumulations of iron, whenever these were 
present, usually occurred in high pH tissues, such as phloem where this 
bordered on the xylem or other low pH tissue. As already explained, much 
or ail of the iron in these heavy accumulations may be regarded as being 
in the precipitated form, not mobile, and therefore cannot function in the 
metabolic processes of the plant. It is logical to conclude also that the 
xylem furnishes the tissues in which the upward translocation of iron 
occurs. 

The root tissues of the plants here studied, as a whole, appeared some¬ 
what more acid than did the corresponding tissues of the stem. From the 
standpoint of pH values, plants such as corn should experience no great 
difficulty in absorbing iron from the surrounding medium, provided that 
an available supply is present, since epidermis and subepidermal tissues of 
the roots of all the corn plants studied were relatively quite acid, and no 
cortical tissue of roots was found which showed pH values at or above the 
extreme upper limit (pH 6.0) in the range of iron precipitation as deter¬ 
mined by Patten and Mains. 

The only tissues in which iron was found to accumulate in the corn roots 
were the cells between the endodermis and xylem and in the phloem, and 
these accumulations were found only occasionally and were not particularly 
pronounced. In all the species investigated, iron was found in small quan¬ 
tities in the young roots, but no accumulations were observed in these 
organs, the iron being rather uniformly distributed throughout the tissues. 

Although iron is directly or indirectly necessary for chlorophyll pro¬ 
duction, it is apparent that if the chlorophyllous cells are comprised in a 
tissue with a pH reaction near or above the upper limit in the range of iron 
precipitation, the iron may be prevented from entering or penetrating such 
tissue because of precipitation, as a result of which a chlorotic condition 
may occur. As already pointed out, however, the range in pH values over 
which iron precipitation occurs in some plants is wider than that indicated 
by Patten and Mains for inorganic systems. Hence in certain plants it 
is possible that iron in small quantities may penetrate tissues having pH 
values considerably above the upper limit (6.0) of this range, while in 
others it may not be possible for iron to penetrate such tissues. The former 



248 


PLANT PHYSIOLOGY 


type of plant may show no tendency toward chlorosis, when subjected to a 
given set of conditions under which the latter may suffer severely from 
chlorosis owing to lack of iron in chlorophyllous cells. Two species which 
showed this pronounced contrast under like experimental conditions are 
corn and potato, the former vshowing a marked tendency toward chlorosis 
from lack of iron in chlorophyllous tissues under certain experimental con¬ 
ditions, while the latter showed no such tendencies under the same condi¬ 
tions, in spite of the fact that the potato plant contains a much lower per¬ 
centage of soluble (filterable) iron than does the corn plant. The plants 
of both these species contain a large excess of total iron, most of which is in 
the insoluble (non-filterable) form. 

Many agricultural plants with tissues having high pH values show these 
same inherent differences, for which, as has previously been pointed out, no 
adequate explanation can be offered at the present time on the basis of 
experimental evidence. It may be suggested, however, that certain organic 
iron compounds are able to resist the precipitating action of alkaline media, 
and that iron in the presence of certain organic compounds is retained in 
solution form in alkaline media. Marsh and Siiive (19) have shown that, 
of the four iron compounds (ferric glycerophosphate, soluble ferric phos¬ 
phate, ferric tartrate, and ferrous sulphate) in solution in a culture medium 
at pH 6.2, no ferrous sulphate and no soluble ferric phosphate remained in 
solution at the end of a given experimental period; while 40 per cent, of the 
iron present in the same medium as ferric tartrate and 20 per cent, as 
ferric glycerophosphate remained in solution at the end of the period under 
the same experimental conditions. 

Reed and Haas (25), in a series of qualitative tests, found that tartrates 
and citrates were effective in holding iron in solution in an alkaline medium. 
Citrates were somewhat more effective in this respect than tartrates. By 
testing for iron with potassium thiocyanate, they found abundant quanti¬ 
ties in solution in a medium at pH 7.6, with sodium citrate present. 
Fischer (7) pbtained similar results using glycerol in an alkaline medium. 
Dakin (6) mentions that this also holds true for hydroxyaspartic acid, 
although he gives no experimental evidence. Gile and Carrero (8, 9, 10) 
found that,' of a number of iron sources, only ferric tartrate furnished suffi¬ 
cient iron for rice grown in alkaline solutions. When judged by the growth 
of rice plants, ferrous sulphate, ferric citrate, and ferric tartrate afforded 
sufficient iron, when used in proper quantities in acid and neutral solutions. 
Many other workers have found similar results with certain organic com¬ 
pounds. 

Smythe and Schmidt (28) state that those substances which possess a 
certain particular grouping within the molecule w T ill hold iron as an undis¬ 
sociated compound. Such a combination in most cases is rather resistant 
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to the action of alkaline solutions. They found the following classes of 
substances to possess the necessary grouping: hydroxymono-carboxylic acids 
(lactic, gluconic); dicarboxylic acids (oxalic, malonic ); hydroxydicar- 
boxylic and hydroxytricarboxylic acids (tartaric, citric); amino acids which 
are also hydroxy- or dicarboxylic acids (aspartic acid, serine) ; certain in¬ 
organic acids (phosphoric, arsenic); certain phoisphorus-containing com¬ 
pounds (nucleic acid, glycerophosphoric acid) ; and certain proteins (casein, 
gelatin). They suggest an explanation, based on the residual charge of 
ions, for the manner in which the iron may be united. 

It appears logical to assume that, if such compounds as those just men¬ 
tioned serve to hold iron in solution in an external alkaline medium, they 
should serve the same purpose inside the plant, provided that they are 
present there. Many such compounds are known to be present in some 
plants, and certain ones may be entirely lacking in others. It may then be 
suggested as a possibility that some plants with high pH tissues may show 
little tendency toward chlorosis, even under somewhat unfavorable growth 
conditions, because they may contain certain organic solvents, in the pres¬ 
ence of which iron in the mobile form resists the precipitating influence of 
high pH reactions. On the other hand, certain plants with high pH tissues 
may show a strong tendency toward chlorosis, because they may not contain 
the particular organic solvents which hold iron in solution in the tissues 
against the precipitating influence of high pH reactions. 

It seems probable that the precipitated iron which is present in certain 
tissues of high pH plants may serve as a reserve iron supply, in that cer¬ 
tain of these organic solvents may move across such tissues containing the 
precipitated iron, and may become effective factors in translocating some 
of it to tissues more remote. 

Summary 

1. Plants which yield composite tissue fluids having high pH values in 
general show very low soluble (filterable) iron content and very high total 
iron. 

2. Plants which yield composite tissue fluids having low pH values in 
general show relatively high soluble iron and low total iron. In some cases 
nearly all of the iron in the plant samples appears in the filtered extracts. 

3. The range of pH values over which iron appears to precipitate in 
plants of different species is wider than the corresponding range for inor¬ 
ganic systems. 

4. Plants whose extracted tissue fluids show very high pH values, and 
those with tissue fluids having very low pH values, still show slight fluctua¬ 
tions in soluble iron content over a day and night period, which corresponds 
in the inverse relation to fluctuations in pH values of the tissue fluids due 
to variation in light intensity over the same period. 
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5. The highest pH values of specific tissues for each species investigated 
occurred in the phloem, with cortex only slightly lower; and the lowest pH 
in the xylem. Steep pH gradients always occurred between xylem and 
phloem. 

6. Iron accumulations usually occurred in high pH tissues lying adja¬ 
cent to relatively low pH tissues with a steep pH gradient between. It is 
concluded from chemical analyses that iron in these accumulations is in a 
precipitated form and not available for plant processes. 

7. No iron accumulations were found in plants with low pH tis¬ 
sues throughout. In these plants the iron content is low and uniformly 
distributed in practically all of the tissues. 

8. The xylem furnishes the main channels of iron translocation from 
the roots to the leaves. 

New Jersey Agricultural Experiment Station, 

New Brunswick, New Jersey. 
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HYDROGEN-ION CONCENTRATION AND IRON CONTENT 
OF TRACHEAL SAP FROM GREEN AND 
CHLOROTIC PEAR TREES 

J. OSERKOWSKY 

(with two figures) 

Introduction 

The occurrence of chlorosis on muck soils to which lime was added was 
found by Loehwing (4) to be correlated with low acidity of the sap of 
plants growing on these soils, as compared with the H + concentration of 
the sap from similar plants grown on unlimed soils. It was held that on 
the limed soils the iron failed to reach the leaves in sufficient amounts, 
because the iron was precipitated in the roots and the stems, on account of 
the low acidity of the sap in these parts. Marsh and Shive (5) observed 
that the iron content of stems of chlorotic soy beans was higher than that 
of stems from green plants, while the iron content of the chlorotic leaves 
was lower than that of green leaves. 

The work just referred to was conducted with annual plants. It has 
been observed, however, that chlorotic leaves from fruit trees may contain 
as much or more iron than green leaves (7). Further, Milad (6) and 
Wallace (8) did not find a significant difference between the iron content 
of bark or wood of stems and roots from chlorotic and green trees. These 
findings indicate that chlorosis cannot be explained solely on the assumption 
that iron fails to reach the leaves in sufficient amount for normal develop¬ 
ment of chlorophyll. If iron moves to the leaves in the tracheal sap, then 
the question arises, is the H + concentration of the tracheal sap sufficiently 
high to prevent the absorbed iron from precipitating in the stem before 
reaching the leaves? The present work was undertaken in an attempt to 
answer this question. 

Material and methods 

Three series of branches of Hardy pear trees were collected from an 
orchard situated in the Santa Clara Valley in California. The soil in this 
locality is rich in lime, as a consequence of which “lime-induced chlorosis” 
is common. Practically all the trees in this orchard suffered from chlorosis, 
which was found to be curable only by administration of iron salts to the 
trees. One series comprised branches from normally green trees; another 
series comprised branches from chlorotic trees which were treated with iron 
citrate, as a consequence of which they developed deep green leaves; and 
a third series comprised chlorotic branches. A fourth series of samples 
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was taken from another orchard situated also in the Santa Clara Valley, 
but in which all the trees were healthy and green. 

The samples were collected at different times of the day, but all branches 
collected at any date were taken at the same time of the day, in order to 
eliminate the effect of possible diurnal differences in pH. As soon as the 
branches were severed from the trees, the leaves and twigs were removed in 
order to prevent loss of water by transpiration. The branches were then 
removed to cold storage (36° F.) over night, after which the tracheal sap 
was extracted according to the method of Bennett, Anderssen, and Milad 
(3). The pH of the sap obtained from each branch was determined sepa¬ 
rately by the quinhydrone electrode. The results obtained with this elec¬ 
trode were in fair agreement with those secured by the colorimetric method. 
Each of the pH values in table II represents an average of four to six 
branches. 

While it is possible that the pH of the tracheal sap underwent some 
changes during storage, experience in this laboratory had shown that the 
magnitude of these changes hardlj r exceeds a few tenths of a pH unit. 
Such changes are considered insignificant, since they are of the same order 
of magnitude as differences in pH between branches of the same series 
collected at the same time. The variation in pH of the tracheal sap of 
such samples can be gauged from table I, in which are presented the pH 

TABLE I 


H + CONCENTRATION OF EXTRACTED TRACHEAL SAP OF CHLOROTIC PEAR BRANCHES 



1 

No. OF BRANCH 

1 


1 | 2 | 3 | 4 | 

5 | 6 | 7 | 8 

| 9 | 10 | 11 | 12 | 13 | Average 

pH 

. "/ ] 5.52 | 5.49 j 5.45 j 5.34 J 

5.40 j 5.141 5.45 | 5.47 

j 5.47 j 5.60 j 5.52 j 5.55 j 5.72 j 5.48 


values of sap obtained from thirteen branches collected on April 1 at the 
same hour of the day. 

The determination of iron in the tracheal sap was carried out as follows. 
Aliquots of the sap were evaporated in porcelain crucibles, ashed, dissolved 
in aqua regia, evaporated to dryness, dissolved in 0.5 N NH0 3 , and made 
up to a definite volume. To an aliquot of this solution KCNS, and ethyl- 
acetate or amyl-alcohol, were added, the mixture shaken, allowed to stand 
for a few minutes, and the iron in the amyl-alcohol or ethyl-acetate phase 
determined colorimetrically. Determinations of iron in blanks were made, 
and the results given in table II corrected accordingly. 

Results and discussion 

Figure 1 shows that the H + concentration in the tracheal sap is higher 
at the beginning of the season than later. The period of high acidity lasts 
in green trees for about six to eight weeks, while in chlorotic trees it is 



TABLE II 

Concentration of H* and iron in tiif. tracheal, sap of green and chlorotic branches from Hardy pear trees 
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shorter. The same difference between chlorotic and green trees was ob¬ 
served also in Bartlett pear trees grown in the Santa Clara Valley. This 
difference in the H + concentration is correlated, presumably, with growth 
activity of the trees. 

Except for the difference in the duration of the period of high acidity, no 
significant difference exists between the pH of the tracheal sap of green 
and chlorotic trees. The H + concentration of the sap from chlorotic 
branches may be equal to or greater than that of green branches collected 
at the same date and at the same hour of the day. The concentration of 
iron in the tracheal sap of branches from the healthy orchard is higher 
practically throughout the season than that of the chlorotic branches. The 
“healthy orchard” referred to was situated in a lime soil, and, although 
the trees in this orchard could not be classed as chlorotic, there were indica¬ 
tions in the form of slight traces of chlorosis that they were on the verge 
of becoming so. Additional data, not reported in this paper, indicate that 
the iron content of the tracheal sap of branches from Bartlett pear trees 
grown in non-ealcareous soil is, on the 'whole, higher than that of branches 
from trees grown in lime soils. 

It should be borne in mind that the extracted tracheal sap is in equi¬ 
librium with the atmospheric air; 'while in the plant the tracheal sap is in 
contact with the gases of the cellular and intercellular spaces, which are in 
all probability much richer in C0 2 than in air. Since the tracheal sap 
possesses a weak buffer capacity (1), it is very likely that in situ its H + 
concentration may be materially affected by the C0 2 concentration of the 
internal gas. The pH of the extracted sap may not, therefore, represent 



Fig. 1. Seasonal changes of H + concentration in tracheal sap of branches from 

Hardy pear trees. Legend: - green branches from healthy orchard; . 

green branches from trees treated with iron; . chlorotic branches;- 

green branches from healthy trees in chlorotic orchard. 
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the true H + concentration of the tracheal sap in the plant. Since, however, 
it seems that most of the C0 2 present in the sap escapes from it after its 
extraction, it is believed that the amount of iron in the extracted sap is 
substantially the same as that of the tracheal sap in situ. 



Fig. 2. Seasonal changes in concentration of iron in tracheal sap from branches 

of Hardy pear trees. Legend: -green branches from healthy orchard;. 

chlorotic branches;-green branches from healthy trees in chlorotic orchard. 


The data relating to the concentration of iron in the tracheal sap are 
presented in table II and figure 2, from which it is seen that, at the begin¬ 
ning of the growth season, the concentration of iron increases very rapidly 
and then falls abruptly. This rise and fall takes place during the swelling 
of the buds and blossoming; it lasts three to four weeks. It yet remains to 
determine what portion of the iron in the tracheal sap during this period 
is derived from the stored reserves in the plants. 

The concentration of iron in the sap fluctuates during the rest of the 
season, but remains on the whole at a lower level. In the sap from trees 
which were treated with iron 1 during the winter, before growth started, the 
concentration of iron was higher during the first part of the season than it 
was in sap from untreated trees, which was to be expected. 

The fact that concentration of iron in the tracheal sap falls shortly after 
the beginning of the growth season is no indication that the rate at which 
iron is absorbed by the tree decreases. Indeed the rate of accumulation 
of iron in leaves is practically constant throughout the growing season. 

i The iron was administered to the trees in the form of iron citrate powder intro¬ 
duced at the bottom of the trunk. For details concerning tlie method of treatment, 
see Bennett (2). 
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The decrease in iron concentration in the tracheal sap may be due, at least 
partly, to the increased rate of transpiration of the tree as the area and 
number of leaves increase with the advance of the season. 

It has just been shown that both the H + and iron concentrations of the 
tracheal sap are higher early in the season than later. On examination of 
figures 1 and 2, it may be observed that the H + and the iron concentrations 
for any series of samples fail to show a consistent correlation. Additional 
data, not presented in this paper, show that the iron concentration in the 
tracheal sap of pear trees grown in non-calcareous soil is higher than that 
of sap from green or chlorotic trees grown in lime soils. This condition 
holds true throughout the growing season, notwithstanding the fact that 
the pH of the tracheal sap of the trees from the non-calcareous soil may be 
higher than that of trees grown in calcareous soils. The concentration of 
iron in the tracheal sap of pear trees is very low, however, and may fall 
short of the saturation point of iron consistent with the existing pH of the 
sap. In view of this fact, the extent to which the concentration of iron in 
the tracheal sap of pear trees may be subject to regulation by the pH of the 
sap yet remains to be determined. It does not seem probable that, in the 
samples dealt with in this paper, pH was limiting the concentration of iron 
in the tracheal sap. It is plausible, however, that in those plants in which 
iron is more abundant in the tracheal sap, its concentration may be limited 
by the H + concentration of the sap. 

Conclusions 

1. The concentrations of II 1 and iron in the tracheal sap of pear trees 
reach a high level at the beginning of the growing season; but the period 
at which the concentration of iron is high is shorter than the period of low 
pH of the tracheal sap. 

2. No significant difference exists between the II 4 and the iron concen¬ 
trations in the extracted tracheal sap of green and chlorotic branches from 
the same orchard; the concentration of iron in the tracheal sap from 
chlorotic trees may be higher than that from green trees. 

The writer takes great pleasure in acknowledging the helpful sugges¬ 
tions and’valuable assistance given him by Dr. J. P. Bennett in connection 
with the work reported in this paper. 

Division or Plant Pathology, 

University or California. 

LITERATURE CITED 

I. Anderssen, F. G. Some seasonal changes in the tracheal sap of pear 
and apricot trees. Plant Physiol. 4 : 459-476. 1929. 



OSERKOWSKY: IRON CONTENT OP PEAR TREES 


259 


2. Bennett, J. P. The treatment of lime-induced chlorosis with iron salts. 
California Agr. Exp. Sta. Circ. 321. 1931. 

3 -—, Anderssen, F. G., and Milad, Y. Methods of obtaining 

tracheal sap from woody plants. New Phytol. 26 : 316-323. 1927. 

4. Loehwing, W. F. Calcium, potassium, and iron balance in certain crop 

plants in relation to their metabolism. Plant Physiol. 3: 261-275. 
1928. 

5. Marsh, R. P., and Siiive, J. W. Adjustment of iron supply to require¬ 

ments of soy bean in solution culture. Bot. Gaz. 79 :1-27. 1925. 

6. Milad, Y. The distribution of iron in chlorotic pear trees. Proc. Amer. 

Soc. Hort. Sci. 21 : 93-98. 1924. 

7. Oserkowsky, J. The relation between chlorophyll and iron in green 

and chlorotic pear trees. Unpublished Ph.D. Thesis. University 
of California. 1931. 

8. Wallace, T. Investigations on chlorosis of fruit trees. Jour. Pom. and 

Hort. Sci. 7: 172-183. 1928. 




USE OP EXPRESSED SAP IN DETERMINING THE COMPOSITION 

OF CORN TISSUE 1 

* 

J. D. Sayre and V. H. Morris 
(with FIVE figures) 

The composition of sap expressed from plant tissues has been much 
studied during recent years in various physiological investigations. Most 
of the investigators, however, have not attempted to relate the composition 
of the expressed sap to that of the original tissue. In a recent paper on 
the use of expressed sap in physiological studies of corn ( 6 ), it was shown 
that the sugar content of corn tissues could be estimated from the analysis 
of the expressed sap with a fair degree of accuracy. Certain refinements 
in technique and calculation have been applied to this method of determin¬ 
ing the sugar content of corn tissues with more satisfactory results. The 
determination of the composition of corn tissues with respect to other con¬ 
stituents by the analysis of expressed sap also has been investigated. The 
results of these studies are presented in this paper. 

The apparatus used for expressing the sap from corn tissues and the 
details of the general technique were similar in all essentials to those de¬ 
scribed previously (6). 

Determining the composition of the tissue from analysis of the 

expressed sap 

Moisture content of the tissue as determined by this method represents 
the sum of the moisture in the press cake plus the moisture in the expressed 
sap (7). The moisture in the press cake was determined by drying in an 
air oven, and that of the expressed sap by the refractometer method of 
Gortner and Hoffman (3). The total solids content of sap from leaf tis¬ 
sue determined by the refractometer was consistently higher than that 
determined by vacuum oven drying. The relation between the methods, 
based on determinations made at regular intervals during the season, is 
shown in figure 1. This regression may be used to correct the determina¬ 
tions by the refractometer method in sap from leaf tissue of corn. No cor¬ 
rection in sap from stem tissue is necessary. 

It was shown in the previous paper (6) that the total sugar content of 
corn tissue can be calculated from an analysis of expressed sap with a fair 
degree of accuracy. In this calculation the assumption is made that the 

i Based on investigations cooperative between the Division of Cereal Crops and 
Diseases, Bureau of Plant Industry, United States Department of Agriculture, and the 
Department of Agronomy, Ohio Agricultural Experiment Station. 
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FE.K CENT TOTAL &OLI&S * VACUUM OVEN SKYING* 

Fig. 1. Comparison of total solids content of expressed sap from corn leaves de¬ 
termined by the refraetometer method and by vacuum oven drying. 

composition of the sap expressed is similar in sugar concentration to the 
sap remaining in the press cake. In calculating the sugar content of the 
tissue, no correction was made for the specific gravity or the total solid con¬ 
tent of the sap; consequently the results were slightly lower than those 
obtained by the standard alcoholic extraction method. Additional deter¬ 
minations were made during the summer of 1930, correcting for these facts. 

In order to determine the sugar content of corn tissue from an analysis 
of the expressed sap, it is necessary to know the moisture content of the 
tissue and the sugar content and moisture content of 100 ml. of the ex¬ 
pressed sap. From these data, the percentage of sugar in the tissue is cal¬ 
culated by the following formula: 

Grams of sugar in v total moisture content 
Per cent, of sugar ___ 100 ml. sap x of tissue, grams 

in tissue Grams of moisture in 100 ml. sap 
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A method essentially similar to this has been used by Mason and 
Maskell (4). 

The sugar analyses were made on 50 ml. of sap preserved by boiling in 
alcohol and the results expressed in grams of sugar in 100 ml. of the sap. 
The grams of moisture in 100 ml. of sap were obtained by subtracting the 
corrected total solids, as determined by the refractometer, from the weight 
of the sap, determined through its specific gravity. 

A comparison of the results obtained by the sap expression method and 
the alcoholic extraction method for determining sugar in corn tissue was 
made on a series of 24 samples, comprising leaf, stem, and tassel tissue, 
taken during the period from July 7 to September 8, 1930. Free reducing 
sugars, sucrose, and total sugars were determined on each sample by both 
methods. The determinations, entered in columns a and b (table I), under 
each method, represent single determinations on duplicate aliquots from 
each sample of tissue, expressed on a green weight basis. 

The two methods, sap expression and alcoholic extraction, were com¬ 
pared with regard to: (1) agreement in determining the mean sugar con¬ 
tent of all the samples; (2) agreement in determining the sugar content 
of different kinds of tissue in varying stages of development; and (3) the 
relative precision of the methods in determining the sugar in duplicate 
samples. The mean free reducing sugar content of the 24 samples was 
2.618 per cent, by the sap expression method and 2.656 per cent, by the 
alcoholic extraction method; the mean sucrose contents were 1.660 and 
1.711 per cent, respectively; and the mean total sugar contents were 4.359 
and 4.445 per cent. The significance of the differences between these pairs 

of mean values was tested, using Fisiier’s (1) formula, t = X \/n, and the 

s 

probability tables of Student (8). The differences were such as might be 
due to chance, the odds not exceeding 14:1 in any comparison. It may be 
concluded, therefore, that the mean sugar contents of all the samples, as 
determined by the sap expression and by the alcoholic extraction methods, 
are in good agreement. 

The product moment coefficients of correlation were 0.960, 0.993, and 
0.996 for free reducing sugars, sucrose, and total sugars respectively. 
These are high enough to show that the methods are equally satisfactory 
over the entire range included. 

The standard errors for the sap expression and alcoholic extraction 
methods were: free reducing sugars, 0.089 and 0.108 per cent.; sucrose con¬ 
tent, 0.072 and 0.110 per cent.; and total sugars, 0.092 and 0.142 per cent. 
In each case the standard error for the sap expression method was less than 
that for the alcoholic extraction method. It may be concluded from these 
results that the sugar content of corn tissue can be determined by the sap 



TABLE I 

Comparison or sap expression and alcoholic extraction methods op sugar determination 
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expression method at least as accurately as by the alcoholic extraction 
method. 

Relation between composition of successive portions of expressed sap 
and composition of the tissue from analysis of the expressed sap 

It was desirable to analyze successive portions of expressed sap to check 
the uniformity of sugar content and also to determine other substances in 
the successive portions. The sap expressed from a sample of ground tissue 
was collected, 10 ml. at a time, as it came from the press cage, and each por¬ 
tion analyzed separately for total solids by the refractometer and by vac¬ 
uum oven drying, for total sugars, total nitrogen, nitrate nitrogen, total 
phosphorus, and inorganic phosphorus. 

The total solids, as determined by the refractometer and by vacuum 
oven drying, and the total sugars are shown in figure 2. Total solids de¬ 
creased in successive portions of the sap, vacuum oven drying giving values 



corn. 
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similar to those obtained by the refractometer but uniformly lower. Total 
sugars were similar in each successive portion of the sap. Total solids in 
the expressed sap were composed of water-soluble and water-miscible mate¬ 
rials from the tissue. The total solids in the first portions represent some 
material from the broken cells in the outer part of the mass of ground tis¬ 
sue in the press cage. The decrease in these materials in later portions of 
the expressed sap is probably due to the filtering action of the mass of tissue 
itself. Sugars, being in true solution in the water of the tissue, are not 
removed by this filtering action. Since the total sugars are constant in 
each successive portion of the sap, it is assumed that they are also contained 
in the water which remains in the press cake in this same proportion. 

The total nitrogen, nitrate nitrogen, total phosphorus, and inorganic 
phosphorus content of the successive portions are shown in figures 3 and 4. 
Total nitrogen and total phosphorus decreased in each successive portion 
of the sap; while nitrate nitrogen and inorganic phosphorus were practi- 



Fig. 3. Total phosphorus and inorganic phosphorus in successive portions of sap 
expressed from leaf tissue of Burr-Leaming corn. 
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cally constant in the successive portions. These results, including those 
obtained on sugars, indicate that when tissue is ground and the sap re¬ 
moved by pressure as outlined, those substances in true solution are con¬ 
stant in the successive portions of the sap. It follows that the composition 
of the tissue with respect to such substance can be calculated from analysis 
of the expressed sap. 

A comparison of the nitrate nitrogen content of corn tissue as deter¬ 
mined by the sap expression and the alcoholic extraction methods has been 
reported by Gerdel (2), who found excellent agreement between the two 
methods. 



Fig. 4. The nitrogen and nitrate nitrogen in successive portions of sap expressed 
from stem tissue of Burr-Learning corn. 

The conductivity, freezing point, pH, and buffer action of successive 
portions of expressed sap were determined. The results (fig. 5) show 
that there was very little change in the composition of the successive por¬ 
tions in these properties, with the exception of the buffer action. Similar 
results w’ere reported by Newton, Brown, and Martin (5), in expressed 
sap from wheat plants. 

Since the freezing point, conductivity, and pH of successive portions of 
sap are similar, it may be assumed that they are also similar in the sap 
remaining in the press cake. It is impossible, however, to tell what has 
happened during the grinding of the tissue (necessary to obtain a satisfac¬ 
tory sample of expressed sap), and thus nothing can be concluded concern- 
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ing the conductivity, freezing point, or pH of the unaltered tissue. Until 
more satisfactory methods of measuring these properties in the living tissue 
are devised, no conclusions can be reached in this connection. 



Fig. 3. Total solids, by refractometer and by vacuum oven drying, depression of 
freezing point, conductivity, H-ion concentration, and buffer action of successive por¬ 
tions of sap expressed from leaf tissue of Burr-Leaming corn. 


Effect of varying size of samples, pressure, and preliminary treatment 
of tissue on determination of composition of the 
tissue by analysis of expressed sap 

In the experiments reported above, a 100-gram sample of ground corn 
tissue, subjected to a pressure of 5000 pounds per square inch for 5 minutes, 



Amount op sap obtained, total solids, and per cent, of sugars in the tissue calculated from expressed sap analysis 

UNDER DIFFERENT TREATMENTS AND CONDITIONS OF OBTAINING SAP 
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was used as the unit on which the measurements were based. It was desir¬ 
able to see what effect different treatments, size of samples, and pressure 
would have on the results. Data which were obtained by using different 
sized samples in the press cage, other conditions remaining the same, are 
given in table II. These data show that, although the proportion of sap 
expressed depends on the size of the sample, a greater percentage being 
removed from the smaller samples, the sugar content of the tissue calcu¬ 
lated from the analysis of the expressed sap is practically the same for each 
sized sample. The data, when the pressure was varied, are also given. 
Pressures of over 5000 pounds per square inch did not remove propor¬ 
tionally larger amounts of sap, and the sugar content of the sap obtained 
from tissue under higher pressures is not affected. Since much more 
trouble is encountered in using higher pressure, 5000 pounds is recom¬ 
mended as a convenient standard. 

In some of the experiments reported by other investigators, plant tissues 
were frozen before expressing the sap. In a former paper (6) it was noted 
that freezing corn tissue did not result in a very much larger yield of sap 
than grinding; thus the latter operation was adopted as being more con¬ 
venient. The possibility that freezing might change some of the properties 
of the sap also was considered. Some evidence on this point has been 
obtained in studying the effect on sugar content of freezing ground tissue 
at-25° C. The results are shown in table II. The amount of sap obtained 
and the total solids in the sap from the frozen and unfrozen tissue are not 
importantly different. The total sugar contents of the tissue, as estimated 
from the expressed sap from the frozen and unfrozen tissue, also agree well 
with each other and with that determined by alcoholic extraction. The 
sucrose in the leaf tissue, on the other hand, was much lower after freezing, 
indicating that hydrolysis had occurred. Similar results were obtained a 
number of times. Slight hydrolysis occurred in the stem tissue also, but 
not as much as in the leaf tissue. Total sugars, therefore, can be obtained 
from tissue which has been frozen, but the true sucrose content of leaf 
tissue can be obtained only from tissue not frozen. These results are in 
accord with those of Mason and Maskell (4), who found an apparent inver¬ 
sion of sucrose in the sap of cotton leaves after freezing at -16° C. for 
24 hours. 

Discussion 

On the basis of the results reported, it appears that when corn tissues 
are ground and pressed under the conditions described, the first portions 
of the expressed sap are obtained, for the most part, from the broken cells 
in the mass of ground tissue and, consequently, there is included a certain 
amount of colloidal protoplasmic material. As the pressure is increased 
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the mass of tissue is compressed and begins to exert a filtering action, filter- 
ing out the larger colloidal particles. As the pressure is increased further 
the sap, which now is expressed for the most part from unbroken cells, is 
filtered to a still greater extent, so that the last portion contains a notice¬ 
ably smaller amount of colloidal material than the first portion. 

That this is true is indicated by the fact that the determinations which 
included colloidal materials, as well as those in true solution, such as total 
solids, total nitrogen, and total phosphorus, showed a progressive decrease 
with each successive portion. Materials in true solution, such as sugars, 
nitrates, inorganic phosphates, and such measurements as conductivity, 
freezing point depression, and H-ion concentration, were constant in the 
successive portions of the sap. 

Since there is no reason to believe that grinding of the tissue and subse¬ 
quent pressing out of the sap has influenced the relationship between these 
solutes and the solvent to any extent, it may be assumed that the concen¬ 
tration of the sap which has been expressed is similar to that which is re¬ 
tained in the press cake so far as the concentration of the solutes is con¬ 
cerned. It follows then that from determinations of the concentration of 
any solute in the solvent in the expressed sap and the total quantity of the 
solvent in a given sample of the tissue, the total quantity of the solute in 
the tissue can be calculated. 


Summary 

3. The procedure for calculating the total sugar content of corn tissue 
from analysis of expressed sap is described in some detail. 

2. The total sugar, reducing sugars, and sucrose content of corn tissue 
can be calculated from analysis of the expressed sap just as accurately as 
they can be determined by alcoholic extraction of the tissue. 

3. The total sugar content is not affected by the size of the sample, the 
pressure used, nor the preliminary treatment. 

4. The sucrose content of corn leaf tissue is decreased by freezing the 
tissue but is not affected by grinding it. 

5. It is concluded that the composition of corn tissue with respect to 
any constituent in true solution in the sap can be determined from an 
analysis of the expressed sap. 

The writers take pleasure in acknowledging the helpful suggestions of 
F. D. Richey, Division of Cereal Crops and Diseases, Bureau of Plant In¬ 
dustry, during the course of these studies. 

Ohio Agricultural Experiment Station, 

Wooster, Ohio. 



272 


PLANT PHYSIOLOGY 


LITERATURE CITED 

1. Fisher, R. A. Statistical methods for research workers. Second 

edition. Oliver and Boyd, Edinburgh. 1928. 

2. Gerdel, R. W. The determination of inorganic nitrogen in the corn 

plant by the expressed sap method. (Plant Physiol. July, 1932.) 

3. Gortner, R. A., and Hoffman, W. F. Determination of moisture eon- 

tent of expressed plant tissue fluids. Bot. Gaz. 74: 308-313. 
1922. 

4. Mason, T. G., and Maskell, E. J. Studies on the transport of carbo¬ 

hydrates in the cotton plant. I. A study of diurnal variation in 
the carbohydrates of leaf, bark, and wood, and of the effects of 
ringing. Ann. Bot. 42: 189-253. 1928. 

5. Newton, R. W., Brown, R., and Martin, W. M. The extraction of 

plant tissue fluids and their utility in physiological studies. Plant 
Physiol. 1: 57-65. 1926. 

6. Sayre, J. D., and Morris, V. H. Use of expressed sap in physiologic 

studies of corn. Plant Physiol. 6: 139-148. 1931. 

7. -. Comparison of methods of determining moisture in corn 

tissues. Plant Physiol. 6: 577-583. 1931. 

8. “ Student/ * New tables for testing the significance of observation. 

Metron 5: 105-120. 1925. 



CHANGES IN THE COMPOSITION OF THE GARDEN 
PEA AFTER HARVEST 

H. A. Jones and C. S. Bisson 

Introduction 

In this paper data are presented showing some of the changes that occur 
in the fruit of the garden pea after harvest, when held at different tempera¬ 
tures. The object of this study was to determine the changes in at least a 
few of the components that were thought to be so altered after harvest as to 
affect the edible quality. In this study the changes in only a few of the 
carbohydrates 'were determined, but no doubt a large number of other 
chemical as w r ell as structural changes occur that are to some extent respon¬ 
sible for the rapid loss of edible quality when held under certain conditions 
after harvest. 

Experimental procedure 

The variety of pea used was the Dwarf Telephone. This is a large- 
podded wrinkled pea, and is the one used in the Imperial Valley for shipping 
in the early spring. The work was started in 1925, and the material studied 
that year was harvested from the same field and from the same vines as 
used for the study of pea development previously reported (1). Open 
flowers were labeled on April 9, 1925, and the fruit of these tagged flowers 
was in the best stage for harvest on May 9. The fruit was harvested 
between 7: 30 and 8:00 a. m. and placed in storage at once at 0, 5, 14, 25, 
and 35° C. In 1925 small chambers were used for storage at 25 and 35° C. 
In these the rapid loss of water from the fruit caused a high relative 
humidity and the surface of the pods remained moist. The combination 
of high humidity and high temperature made a favorable environment for 
bacterial activity and the pods started to decay after two days at 35° C. 
and after three days at 25° 0. For this reason the data for these two 
high temperatures were discarded. During the entire storage period at 
both 0 and 5° C. the fruit remained green and turgid. 

The work was repeated again in 1927 at the three higher temperatures. 
Much larger samples were used than in 1925, and these were stored in 
large constant temperature rooms, in thin layers in shallow trays with 
slatted bottoms, to facilitate aeration and prevent heating. Samples were 
removed every 24 hours, shelled, and the pods and peas preserved sepa¬ 
rately. The methods of preserving and analyzing samples were the same 
as those previously used (1) in the developmental studies of the fruit. 
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Experimental results 

Determinations were made for dry matter content, reducing sugars, 
sucrose, starch, acid-hydrolyzable polysaccharides, and crude fiber for both 
the 1925 and 1927 series. 

Composition of pods and peas 

The results of the analyses of fruit stored at different temperatures are 
presented in tables I to VI. The initial composition of the pods or peas 
for the same component differed somewhat for the two years. This may 
have been due partly to environmental conditions, but was probably due 
mainly to the fact that there was a difference in the stage of maturity of 
the fruit at time of harvest. The higher percentage of dry matter and 
starch and the lower percentage of sucrose of the peas seem to show that 
the average fruit was slightly more mature in 1925 than in 1927. 

Dry matter 

As shown in table I, the pods of the fruit stored at 0-14° C. remained 

TABLE I 

Percentage of pry matter in the pods and peas 


Hours 

in 

STORAGE 

vSTORAGE TEMPERATURES 

1925 

Series 

1927 Series 

0° c. 

5° C. 

14° C. 

| 25° C. 

j 35° C. 


Pods 

0 

14.34 

[ 14.34 

34.09 

14.09 

14.09 

24 

14.87 

! 34.86 

12.83 

13.22 

13.16 

48 . 

14.81 

! 14.74 

12.32 

13.26 

13.03 

72 . . . 

14.80 

1 13.17 

32.73 

13.33 j 

13.22 

96 

14.98 

15.13 

15.56 

33.14 i 

15.59 

120 

14.78 

34.53 

33.15 

15.45 

20.67 

144 

13.28 

13.12 




368 

i 

13.0/ 

i 



• 



Peas 



0 

23.01 

23.03 

21.69 

21.69 

21.69 

24 

23.02 

23.37 

22.02 

22.62 

23.25 

48 . 

23.67 

24.66 

22.39 

24.48 

23.55 

72 . .. 

23.44 

24.34 

23.29 

24.54 

24.02 

96 ... . 

23.42 

25.58 

23.49 

25.07 

25.26 

120 . 

23.40 

25.96 

24.19 

26.62 

27.14 

344 . 

23.18 

25.96 

. 



168 . 

23.63 

25.67 
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rather constant in percentage of dry matter throughout the storage period. 
There was an increase at 25° C. and a somewhat greater increase at 35° C. 
This increase in the percentage of dry matter is probably due almost 
entirely to loss of water from the pods by transpiration. In the peas 
stored at 0° C. the percentage of dry matter remained almost constant, 
while at the higher temperatures it increased. For a time after harvest 
the water lost from the pods by transpiration is probably replaced by a 
withdrawal of water from the peas, causing the percentage of dry matter 
of the peas to increase before there is any noticeable change in the per¬ 
centage of dry matter in the pods. 

Sugars 

As shown in table IT, the percentage of reducing sugars in the pods 


TABLE II 

Reducing sugar in pods ; expressed as percentage of dry weight 


Hours 

in 

STORAGE 


Storage temperatures 


1925 Series 

1927 Series 

0° C. 

5° C. 

14° C. 

25° C. 

35° C. 

0 

23.09 

13.09 

12.13 

32.15 

12.15 

24 



12.25 

11.38 

9.80 

48 

12.31 

13.11 

12.06 

11.85 

9.60 

72 

12.72 

13.99 

12.42 

9.32 

8.45 

90 

13.04 


10.60 

8.31 

4.30 

120 


12.71 

10.01 

5.53 

1.66 

144 

1 14.18 | 

32.68 




168 


13.48 1 

*• 




remained rather constant during the entire storage period at both 0 and 
5° C., but at 14° C. there was a somewhat rapid decrease after 72 hours. 
At both 25 and 35° C. there was considerable loss in the percentage of 
reducing sugars, but the rate of loss was much more rapid at 35° C. The 
peas of the fruit showed a trace of reducing sugars after being stored 120 
hours at 0 and 5° C., but there was no trace of them at the higher tem¬ 
peratures. 

Table III shows that there was a rather regular loss in the percentage 
of sucrose in the pods at all temperatures, the rate of loss increasing with 
the temperature. In the peas stored at 0° C. the percentage of sucrose 
remained almost constant for the entire storage period. At 5, 14, and 
25° C. the rate of loss increased as the temperature was raised. At 25° C. 
about 34 per cent, of the sucrose was lost during the first 24 hours, and 
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TABLE III 

Sucrose in pods and peas ; expressed as percentage op drt weight 


Hours 

in 

STORAGE 

Storage temperatures 

1925 

Series 

1927 Series 

0° c. 

5° C. 

14° C. 

25° C. 

35° C. 


Pods 

0 

13.89 

13.89 

14.35 

| 14.35 

14.35 

24 



11.02 

| 9.79 

8.67 

48 . 

13.79 


9.15 

1 8.04 

5.68 

72 .. 

12.27 

11.05 

7.14 

5.79 

3.90 

96 . 

10.71 


6.70 

4.01 

1.90 

120. 


9.63 

5.62 

! 2.30 

1.24 

144 

9.51 

7.61 

.. 

i j 


168 


7.88 

•• 




Peas 

0 

1 22.67 

22.67 

28.55 

28.55 

28.53 

24 

24.44 

22.58 

24.14 

17.85 

18.22 

48 

22.04 

20.88 

19.37 

10.91 

12.12 

72 


j 

14.54 

7.16 

8.81 

96 

22.29 

39.53 

11.66 

5.19 

5.54 

120 . . 

21.83 

17.49 

9.89 

4.08 

4.35 

144 . , 






168 ... 

23.36 

16.72 

- 




after 5 days only about 14 per cent, of the original amount of sucrose 
remained. At 35° 0. the rate of loss was slightly lower than at 25° C. 

Polysaccharides 

In the pods there was a reduction in the percentage of starch at all 
temperatures, the rate of loss increasing as the temperature was raised up 
to 25° C. (table IV). At 35° C. the rate of loss was about the same as 
at 25° C. In the peas stored at 0° C. there was very little change in the 
percentage of starch throughout the entire storage period. There seemed 
to be a slight increase up to 72 hours, then a slight decrease. In the peas 
stored at temperatures above 0° C., however, there was a definite increase 
in the percentage of starch. During the first 24 hours the rate of increase 
in the percentage of starch was most rapid at 35° C., but after the first 
24 hours the rate of increase was most rapid at 25° C. The 35° C. tem¬ 
perature seemed to inhibit, to a certain extent, the formation of starch. 

In the pods of the fruit stored at 0° C. the percentage of acid-hydrolyz¬ 
able polysaccharides (starch deducted) did not seem to show any definite 
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TABLE IV 

Starch in pods and peas; expressed as percentage op dry weight 


Hours 

in 

STORAGE 

Storage temperatures 

1925 

Series 

1927 Series 

o 

o 

a 

5° C. 

14° C. 

| 25° C. 

35° C. 


Pods 

0 

6.63 

6.63 

■ 7.98 

! 7.98 

7.98 

24 

7.11 

6.57 

5.59 

4.37 

5.25 

72 

5.94 

6.13 

4.30 

! 2.74 

2.52 

120 

5.51 

5.47 

2.85 

1.59 

1.83 

144 

5.10 


.. | 



168 


3.93 

i 

. .. 





Peas 



0 

16.06 ! 

16.06 

12.36 

12.36 

12.36 

24 

16.27 

17.23 

14.15 

17.56 

18.93 

48 



.. 

22.00 

21.22 

72 

17.51 i 

18.22 

18.73 

24.21 

22.66 

120 

16.97 

18.22 

20.58 

23.40 

21.85 

144 

15.38 


.. 



168 

15.68 

20.06 

•• 




TABLE V 

A<’ID-hydrolyzable polysaccharides (starch deducted) in pods and peas; 

EXPRESSED AS PERCENTAGE OP DRY WEIGHT 


Hours 

in 

storage 

| Storage temperatures 

1925 

Series 

1927 Series 

0° c. | 

| 5° C. 

14° O. 

| 25° C. j 

35° C. 


| Pods 

0 

13.26 

13.26 

13.89 

13.89 

13.89 

24 

12.81 

14.42 

14.66 

15.24 

13.26 

72 

14.01 

14.04 

15.25 

18.03 

17.35 

120 

15.02 

14.71 

17.00 

21.88 

20.66 

144 

13.22 





168 


16.86 







Peas 



0 . 

10.87 

10.87 

10.53 

10.53 

10.53 

24. 

10.17 

10.03 

12.13 

12.72 

10.08 

48 




12.62 

12.21 

72 . 

11.34 

13.08 

11.96 

13.23 

14.21 

120 

11.32 

13.02 

14.85 

14.18 

14.14 

168 

10.41 

12.85 
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trend; at 5° C., however, there was a rather irregular but definite increase 
(table V). The most rapid increase in the percentage of acid-hydrolyzable 
polysaccharides in the pods occurred at 25° C. At 35° C. the rate of 
increase was less than 25° C. In the peas the percentage of acid-hydrolyz- 
able polysaccharides remained rather constant at 0° C. At 5° C. there 
was a considerable increase during the first 72 hours of storage, but there 
was very little change thereafter. At 14, 25, and 35° C. there was a 
rather irregular increase in acid-hydrolyzable polysaccharides, and after 
120 hours of storage there was very little difference in the amount that 
accumulated at these three temperatures. 


TABLE VI 

Crude fiber in pods and peas; expressed as percentage of dry weight 


Hours 

IN 

STORAGE 

| Storage temperatures 

1925 

Series 

1927 Series 

0° C. 

| 5° C. 

34° C. 

| 23° V . 

| 35° C. 


| Pods 

0 

14.96 

14.96 

14.30 

14.30 

14.30 

24 

34.77 

15.29 

15.75 

36.52 

16.86 

72 . 

15.68 

15.94 

13.76 

3 9.24 

20.79 

120 

36.34 

16.37 

18.62 

23.87 

25.97 

144 

35.82 





168 


18.16 





Peas 

0 

8.37 

8.37 

8.41 

8.41 

8.41 

24 . 

8.29 

8.41 

10.07 

10.85 

10.19 

48 




31.32 

10.61 

72 

8.38 

8.55 

10.86 

11.28 

11.35 

120 

8.41 

8.62 

11.37 

10.93 

11.05 

168 

8.46 

8.55 





As shown in table VI, there was an increase in the percentage of crude 
fiber of the pods at all temperatures. The smallest increase occurred at 
0° C. and the greatest at 35° C. In the peas held at 0 and 5° C. the per¬ 
centage of crude fiber remained almost constant throughout the entire stor¬ 
age period. At 14, 25, and 35° C. there was a small initial increase, after 
which the percentage of crude fiber remained somewhat constant. There 
was very little difference in the percentage of crude fiber of the peas after 
120 hours of storage at the three high temperatures. 




TABLE VII 

Composition op pods and peas stobed shelled and rx shelled at 25° C., 1925 series; components expressed as percentage op dry weight 



23.24 ! 22.92 16.18 I 10.73 19.67 22.60 11.14 11.06 
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Comparison of pods and peas stored shelled and unsiielled 

In 1925 tests were made to compare the rate of change of some of the 
carbohydrate components in pods and peas when these were stored shelled 
and unshelled. The shelling was done immediately after harvest and the 
pods and peas were held at 25° C. Unshelled fruit was stored in the same 
chamber with the shelled. Samples were removed for analyses after 6, 12, 
and 24 hours. 

As shown in table VII, the percentage of dry matter increased much 
more rapidly in the pods when they were stored shelled, probably because 
when the pods were broken the water had an opportunity to evaporate from 
the inner as well as the outer surface. The percentage of dry matter in 
the peas remained rather uniform throughout the 24 hours of storage. It 
is entirely likely that the high respiratory activity during this early period 
produced sufficient water to compensate for that lost by evaporation. 

There was some loss in the percentage of reducing sugars and sucrose 
of the pods in both the unshelled and shelled series. In the peas the loss 
in percentage of sucrose was very rapid, a considerable drop having taken 
place even after six hours of storage. There was a marked difference in 
the rate of loss of sucrose between the two series, the percentage being re¬ 
duced at a much more rapid rate in the shelled peas than in the unshelled. 
At the end of 24 hours about 53 per cent, of the sucrose had been lost in 
the shelled peas, while only about 29 per cent, had been lost in the 
unshelled. In the 1927 series (table III) the peas stored unshelled lost 37.5 
per cent, of their sucrose during the first 24 hours of storage at 25° C. The 
initial percentage of sucrose, however, was considerably higher in the 1927 
series, which may account for the more rapid loss. From this it would 
appear that the peas should not be shelled until ready for use, especially if 
they are to be held at ordinary room temperature. It would indicate also 
that the practice of shelling peas for market, as is sometimes done, is not 
a good one. 

The data in table VII also indicate that a rapid decrease in the per¬ 
centage of starch occurred during the 24 hours in the pods that were stored 
shelled. Tl^e percentage of starch in the pods stored unshelled, however, 
remained rather constant; but this does not agree with the data obtained 
in 1927, which show that the percentage of starch in the pods decreased 
from 7.98 to 4.37 during the first 24 hours (table IV). In the peas there 
was an increase in the percentage of starch in both the shelled and unshelled 
series, but the increase was much greater in those that were stored shelled. 

There was very little change in the percentage of acid-hydrolyzable 
polysaccharides of the pods in either the shelled or unshelled series. In 
the 1927 series, however (table V), there was a definite increase in the per- 
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centage of these components during the first 24 hours. There was very lit¬ 
tle change in the acid-hydrolyzable polysaccharides of the peas during the 
first 24 hours. The small change that occurred seemed to indicate an accu¬ 
mulation, and is approximately the same for both the shelled and the un¬ 
shelled series. 

There was a slight increase in the percentage of crude fiber in the pods 
and peas of both the shelled and unshelled series. 

Discussion 

One of the most important aims of the grower and shipper of peas is 
to have the product reach the consumer in a condition of high edible qual¬ 
ity. Providing harvesting is done at the proper time, probably the most 
important factor influencing quality is the temperature at which the prod¬ 
uct is held after picking. The preceding data show that in the carbohy¬ 
drates studied there are no important changes taking place when the peas 
are stored at 0° C. In other words, at 0° C. these components remain in 
about the same proportion as they occurred at time of harvest. Cooking 
tests after a week at this temperature showed that the peas still retained 
their original fine flavor. Brown (2), working with the variety Telephone, 
states that peas held for 40 days at 0° C. still had an excellent quality when 
cooked. 

In the peas held at temperatures above 0° C. there is a loss in the per¬ 
centage of the more mobile carbohydrates and an increase in the percentage 
of the more stable carbohydrates. These changes greatly affect edible 
quality, and appear to occur most rapidly at about 25° C. Brown (2) 
states that when peas were stored at 10° C. they still had a good flavor on 
the fifth day, but declined to fair and poor on the seventh and ninth days; 
and when stored at 27° C. they were worthless after three days. 

In most long-distance shipments of peas, ice is placed directly in the 
container. This keeps the material at approximately 0° C., and according 
to the preceding data, practically all of the important carbohydrate changes 
in the peas are held in abeyance while this temperature is maintained. In 
peas shipped long distances, therefore, the changes that affect quality un¬ 
favorably must occur before the peas are packed or after they are removed 
from the container. In order to place a product of high edible quality upon 
the table of the consumer, it is therefore necessary that the peas be put 
into the iced container as quickly as possible after harvest, and that they 
be held at a low temperature after they reach their destination at the 
terminal markets and in the homes of the consumer. 

It is interesting to note that in the pods there is a decrease in starch 
while in the peas there is an increase in starch at the higher temperatures. 
The decrease in the percentage of starch in the pods can probably be ac- 
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counted for to some extent by the increase in acid-hydrolyzable polysac¬ 
charides other than starch and by the increase in crude fiber. In the peas 
the increase in starch is probably due chiefly to the condensation of sugars. 
From the data at hand it is impossible to tell whether there is a movement 
of carbohydrates or other components from the pods to the peas after 
harvest. 

Summary 

Pods. —The percentage of reducing sugars in the pods remained some¬ 
what constant at 0 and 5° C., but at the higher temperatures there was a 
gradual loss; the rate of loss was most rapid at 35° C. The percentage of 
sticrose decreased at all temperatures from 0 to 35° C.; the rate of loss was 
most rapid at 35° C. The percentage of starch decreased at all tempera¬ 
tures; the smallest loss occurred at 0° C. The losses at 25 and 35° C. 
paralleled each other rather closely. The percentage of acid-hydrolyzable 
polysaccharides changed but little at 0° 0. The rate of increase was some¬ 
what slower at 35 than at 25° C. The percentage of crude fiber increased 
at all temperatures. The rate of increase was least at 0 and highest at 
35° C. 

Peas. —The percentage of sucrose in the peas remained somewhat con¬ 
stant at 0° C. during the entire storage period. The most rapid loss 
occurred at 25° C. The percentage of starch changed but little at 0° C., 
but there was a gradual increase at the higher temperatures. The decrease 
was most rapid at 25° C. The percentage of acid-hydrolyzable polysac¬ 
charides remained rather constant at 0° C. and increased but slightly at 
5° C. At 14, 25, and 35° C. there was a rather irregular increase, but 
after 120 hours the percentage present was about the same in the three 
high temperature lots. The percentage of crude fiber remained about con¬ 
stant at 0 and 5° C. It also remained rather constant at the higher tem¬ 
peratures after a small initial increase. 

Frxjit stored shelled and unshelled.— In peas stored shelled and un- 
slielled at 25° C., the most significant changes were the decrease in the per¬ 
centage of sucrose and the increase in the percentage of starch. The 
sucrose decreased and the starch increased at a much more rapid rate in 
the shelled* than in the unshelled peas. 

The writers wish to express their appreciation to H. W. Allinger, of 
the Division of Chemistry, who made most of the analyses; also to J. G. 
Sewell, of the Division of Chemistry, W. H. Sprague, and Miss E. Har- 
rold, who helped prepare the material for analysis and did a portion of the 
analytical work. 
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SEASONAL SHRINKAGE OF MONTEREY PINE AND 
REDWOOD TREES 

Ferdinand W. Haasis 
(with four figures) 

Introduction 

It has for some time been a matter of observation that Monterey pine 
trees growing at Carmel, California, show a notable increase in diameter 
in the late fall or early winter months, apparently preceding the beginning 
of new spring growth. MacDougal writes of one pine tree, for example, 
in which growth had ceased in August, as showing in late November and 
again in December ‘ 4 slight impulses of enlargement which are character¬ 
istic of the species in this region” (10, p. 10). MacDougal (7, pp. 27-37; 
8, pp. 342-343) and Lodewick (5), moreover, have reported slight shrink¬ 
ages in the diameter of trees of several species at various seasons, but with¬ 
out attempting to correlate their observations very closely with external 
conditions. 

Records of such phenomena have been obtained by means of the dendro- 
graph, an instrument devised by MacDougal in 1918 (7, pp. 10-15). This 
instrument may be described briefly as consisting of a rigid frame con¬ 
structed of material with a low coefficient of expansion, suitably supported 
about a tree, and carrying two contact rods, one fixed and the other 



Fig. 1. Dendrograph in position on a pine tree, showing floating frame, contact 
rods, lever assembly, recorder, and supports. 
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movable. The movable rod actuates a pen lever, by means of which a 
continuous record of changes in diameter is made on a ruled sheet borne 
on a revolving cylinder. The general appearance of such an instrument 
is illustrated in figure 1. The direction of movement on the record sheet 
is at right angles to that of the movement between contact points. 

The dendrographic records show that ordinarily, in clear weather, trees 
shrink during the day and swell at night. A week’s graph, therefore, ap¬ 
pears as a sinuous line. .When growth is taking place, each successive 
nocturnal maximum is higher on the record sheet than the preceding one. 
A record of this type can be regarded as a normal graph for a growing 
tree. An example of this kind of graph is reproduced in figure 2. 

Observations and discussion 

Seasonal variations 

The dendrographic records upon which this paper is based were made 
at Carmel, a short distance from Monterey, in Monterey County, California, 
and in the canyon of Rocky Creek, about 17 miles (27 km.) south of 
Carmel. Carmel is situated on a slight bay open to the Pacific Ocean. 
The trees under observation are about half a mile (1 km.) from the beach, 
located partly on top of an old fixed dune, partly on the northeast slope 
of this dune, and partly at its foot. The soil is markedly sandy. The 
trees at Rocky Creek are for the most part about a mile (1.5 km.) from 
the ocean, in a relatively narrow canyon. Here the soil is mainly residual, 
from granitic rock. 1 

In general, the climate of this region (which lies at about 36° N) is 
marked by a winter rainy season and a summer dry season. The latter 
can be expected to begin in May or June. It commonly lasts through 
August or September and may extend later, although not always absolutely 
without measurable precipitation for the entire period. The annual pre¬ 
cipitation, on the basis of 21 years’ records, varies from 9 to 27 inches 
(24-69 cm.), averaging 17 inches (43 cin.). 

In the season of least precipitation, ocean fogs frequently cover the 
region, and as a result temperatures tend to be lower than in places farther 
inland. The combination of high atmospheric humidity and low tempera¬ 
tures greatly reduces the evaporating power of the air for much of the 
summer period. Prosts occur occasionally, both at Carmel and in Rocky 
Creek canyon, but for the most part the winters are relatively mild. On 
the whole the climate is comparatively equable, the extreme temperatures 
recorded in an instrument shelter on the fixed dune at Carmel ranging 

i For detailed description* of the ecological features of this region see Siirevk 
( 13 , 14 ). 
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from 18° P. (-8° C.) in January, 1922, to 101° F. (38° C.) in October, 
1917. 

A detailed examination of the dendrographic records shows that an 
appreciable amount of shrinkage regularly occurs during the autumn prior 
to the fall or winter swelling which has been noted. This of course is 
especially marked in years when unusually long dry periods occur. 
Examples of such notably long dry periods in summer and autumn are 
afforded by the years 1926, 1929, and 1930. The records of several trees 
on the dune at Carmel show more or less continuous shrinkages during 
these essentially rainless periods. Typically these decreases in diameter 
begin in the latter part of the dry period; and with the advent of rain, 
diametral increases commonly occur. 

These conditions are illustrated in figures 3 and 4. Figure 3 shows 
the kind of graph produced in September when a pine tree was shrinking. 
In figure 4 the effects are shown of a 0.9-inch rainfall occurring on the 
26th and 27th of the month. It will be observed that the tree increased 
appreciably and rather steadily in diameter during this 2-day period, but 
again showed pronounced diurnal fluctuations on succeeding days. 

Exceptions to this general program occur, which are apparently to be 
correlated with differences in soil moisture supply. For instance, one 
vigorous tree, situated in a swampy location at the base of the hill, did not 
begin to contract in 1929 until mid-November; whereas contraction in those 
on the dune in general had commenced at least a month earlier. 

There also occur individual differences among the trees on the dune, 
one tree continuing to grow, for example, after others have begun to 
shrink. These divergencies can be ascribed partly to differences in root 
development of the several trees. In addition there appear to be pockets 
of rnoister soil here and there on the dune, where conditions for tree growth 
are more favorable than elsewhere. An irregular layer of hardpan formed 
of cemented sand is found at a depth of about 1 meter below the top of the 
soil. The upper surface of this hardpan is very irregular, and it seems 
likely that over a moderately extensive area there may be developed basins 
in which the moisture supply is considerably more abundant than at other, 
near-by, peaces. Trees which happen to start their growth over such 
pockets will be better able to continue growth during dry weather than 
those not so situated. 

The records for the redwoods are less complete than are those for the 
pines, generally having been discontinued in the fall and resumed the 
following spring. Nevertheless the same general sort of seasonal shrink¬ 
age is shown. For example, in 1926 one tree, situated on a slope with 
southerly exposure, shrank appreciably in September and October. An¬ 
other, on a north slope where moisture conditions were presumably more 
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favorable, did not exhibit marked shrinkage until the latter part of 
October. 

During the winter of 1930-1931, most of the dendrographs on redwoods 
were kept in operation throughout the season, just as were those on the 
pines. In this season, trees on both north and south slopes showed definite 
shrinkages in October, November, and December, followed by swelling 
early in January. 

Evidently we are dealing with a drying out and a subsequent rehydra¬ 
tion of the tree tissues. Directly after the beginning of a dry season, there 
will still be a certain amount of soil water available to the trees. Gradually, 
however, this supply becomes exhausted. In the summer or early autumn, 
the soil moisture content at a depth of 15-30 cm. may fall as low as 3 or 4 
per cent, (on the dry weight basis) on the dune at Carmel. With the 
advent of rain, soil moisture again becomes available and the trees are 
enabled to make up the losses suffered during the dry period. It seems 
likely that the first diametral increases occurring after a dry period are 
not to be ascribed to the consequences of actual cell division, but simply to, 
swelling of the partially dried tissues. 

It should be pointed out that this seasonal shrinkage is not the same 
as absence of growth, but a decrease in diameter just as definite as the 
increases occurring during periods of cell division. 

The essential identity of seasonal and diurnal variations in diameter 
will be shown in the succeeding section. 

Conditions affecting shrinkage and rehydration 

Speaking of daily reversible variations, MacDougal lias mentioned the 
fact that “contraction or shrinkage is an invariable attendant of lessened 
water-balance due to an excess of transpiration over water supplied” (9, 
p. 3). It seems obvious that seasonal shrinkage is to be explained in a 
similar way. Progressive shrinkage occurs when the soil is so dry that 
it cannot supply enough moisture to the tree to make up for the trans- 
pirational losses. 

Evaporating power of the air. —It is to be supposed that when the 
evaporating power of the air is reduced, "water is absorbed and a certain 
amount of swelling ensues. The assumption is justified by the fact that 
nightly diametral increases occur during a period of progressive shrinkage, 
the tree, however, suffering a net loss in diameter from night to night. If, 
therefore, the period during which the evaporating povrer of the air were 
low could be extended, it would seem that the progressive shrinkage could 
be checked or reversed. While it is not practicable to lengthen the period 
of darkness experimentally for a large tree, yet cloudy or foggy days do 
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afford conditions under which the transpirational losses are somewhat re¬ 
duced. 

On one prevailingly cloudy day in May, several of the trees under ob¬ 
servation shrank to a markedly less extent than they had been doing for 
some time past. Moreover, although shrinkage (or a static condition) had 
been evident for the past few nights, on this night definite increases 
occurred. 

The question might be raised, whether the shrinkage and swelling which 
have been observed are due simply to drying of the thin layers of bark 
under the contact points of the dendrograph, and reabsorption of water 
from the moist air or from free water upon the bark itself. A number 
of observations and experiments have served to throw light on this question. 

During a notably foggy night in April, several of the pines showed 
pronounced diametral increases as compared with the preceding night, al¬ 
though there had been progressive shrinkage for some time preceding. A 
conspicuous excejition to this general performance was afforded by a small 
pine tree 1 cm. in diameter, in which shrinkage very definitely continued 
during this night. Presumably this is to be explained by considering 
that the roots of this small tree are not well enough developed to enable 
it to take in sufficient water for diametral increases, even when the evapo¬ 
rating power of the air is somewhat reduced. The contacts of the instru¬ 
ment on this tree are outside of the bark. The redwoods and the pines 
at the base of the dune, with ample water supplies, had been showing 
diametral increases prior to this foggy night, and the increased atmospheric 
humidity had no apparent effect upon their daily program. 

It has been customary, in setting up the dendrograplis on pines and 
redwoods, to seat the contact points on an area in w r hich the bark has been 
thinned down to a thickness of about 2 mm. outside the cambium layer 
(MacDougal, 7, pp. 20-21). If this layer of bark were to swell appre¬ 
ciably when it became moist, the dendrographic records would obviously 
show an increase due to this cause; and duplicate instruments with con¬ 
tacts on different thicknesses of bark ought to show differences in amount 
of such increase. There was accordingly attached to a Monterey pine tree, 
carrying a dendrograph with the contacts on thin layers of bark, a second 
instrument with the contacts on the outside of the 1.5-cm. bark, which 
was operated for seven weeks during January and February. While the 
graphs from the two instruments are not absolutely identical, week for 
week, yet their agreement is remarkably close. If water is absorbed to an 
appreciable extent from the outside, then the instrument with contacts 
seated on the thicker bark -would be expected to record greater fluctuations 
with alternating periods of moist and dry air than that with contacts on 
the thinner bark. On the other hand, if the intact bark were resistant to 
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wetting while the exposed bark were not, differences in amount of fluctua¬ 
tion would still be expected. The conclusion accordingly emerges that 
swelling of the bark due to absorption of external moisture accounts for 
not more than a very small part of the diametral increase which is asso¬ 
ciated with rainy or foggy weather. 

Further evidence along these lines is afforded by an experiment in 
which the bark in the vicinity of the contact points of a Monterey pine 
was wetted with tap water, no unusual increase in diameter resulting from 
this treatment. On the other hand, MaoDougal reports experiments in 
which bast and cork tissue from Monterey pines was found to swell some¬ 
what when placed in water (7, pp. 37-38). 

Reduction of the evaporating power of the air can also be effected by 
lowering the temperature. This occurs at night and during stormy 
weather, in the latter case being especially associated with increased atmos¬ 
pheric humidity. Another way in which solar radiation can be cut off, with 
resulting temperature reduction, is exemplified by a partial solar eclipse 
around mid-day, which occurred in April, 1930. This was reflected in a 
reversal of the diurnal shrinkage among the pine trees. In the redwoods 
this swelling was less marked. 

The intimate relation between shrinkage and evaporating power of the 
air is further brought out by the performance of the trees during ex¬ 
tremely windy weather. Following a 10-day period with considerable rain 
and cloudy weather in February, 1931, there was a very clear day with a 
northerly wind at times reaching a velocity estimated at about 35 miles 
an hour. A general marked increase of diurnal shrinkage, both at Carmel 
and at Rocky Creek, was recorded on that day. On other windy days 
during the spring there has been a similar tendency toward exaggerated 
diurnal shrinkage. In the middle of April, 1931, the graphs of several 
trees at Carmel showed a maximum diameter about 8 a. m. for one prevail¬ 
ingly foggy day, while on the following day the greatest diameter was 
around 6 a. m. On this second day a pronounced southwest wind came up 
about 6 a. m. 

On the other hand, when an easterly w r ind died down in the middle of 
the morning at Carmel, this fact was reflected by a decreased rate of diurnal 
contraction, or in some cases by an actual increase in diameter. Phillips 
reproduces two annotated dendrograms showing marked contraction, 
similar to that just noted, in hardwood trees in South Africa during 
periods when warm dry winds were blowing (12, pp. 46, 52, Pis. V, XI). 

Soil moisture supply. —From what has already been said, it is obvious 
that the autumnal shrinkage is concurrent with a very dry condition of 
the soil, at least on the dune at Carmel, Judging by the low stage of 
Rocky Creek during the fall of 1930, it seems likely that in the case of the 
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redwoods as well, an inadequate water supply is responsible for the ob¬ 
served shrinkage. Additional evidence of the correlation between soil 
moisture content and shrinkage is afforded by the performance of the trees 
in the spring of 1931. During a period of scanty rainfall at this time, 
shrinkage of tke trees upon the dune was observed, while those at the foot 
of the dune were increasing in diameter. At the end of March the moisture 
contents of the soil on the dune and at the foot were, respectively, 8 per 
cent, and 27 per cent., at a depth of 30 cm. By the first of May the 
moisture in the former had dropped to about 5 per cent. The trees at 
Rocky Creek, also, exhibited growth during this period. While no soil 
sampling was done there, it seems reasonable, in view of the physical con¬ 
ditions in this canyon, to assume that these redwood trees were receiving 
a somewhat plentiful supply of moisture slowly seeping down from the 
higher elevations of the mountains. 

In July, 1920, MacDougal performed an experiment in which water 
was supplied to a pine tree (7, p. 25). At the beginning of this month it 
was noted that the soil w^as very dry and that growth in this tree had essen¬ 
tially ceased. During a period of four days early in the month, 15,000 
liters of water were applied to the soil near the base of the tree. Diametral 
increase began at once and continued steadily until August 16, the period 
being without rain. In this case it is obvious that increase in diameter 
is not attributable in the smallest degree to absorption of water by the 
bark, from the outside. 

The facts just presented lead to the conclusion that there is a very close 
correlation between the moisture content of the soil and the seasonal 
shrinkage observed in Monterey pines and redwoods. The effects, of 
course, are modified by such atmospheric conditions as air moisture con¬ 
tent, air movement, and air temperature. 

When desiccation has proceeded so far that there is no longer soil mois¬ 
ture available for making up the transpirational losses, water is apparently 
drawn from the plant tissues themselves, and the result is the progressive 
shrinkage which has been observed. Evidently these Monterey pines and 
redwoods are able to withstand such desiccation without injury. This abil¬ 
ity is in rather striking contrast to that of hardwoods accustomed to sum¬ 
mer rainfall, which in a rare summer drought were observed to suf¬ 
fer marked leaf loss (Hursh and Haasis, 4). 

Pearson (11) recorded in 1924 that western yellow pine makes its 
greatest growrth in both height and diameter during the driest month of the 
year. In this case, however, soil moisture seems adequate; and tempera¬ 
ture is, perhaps, the controlling factor. 

Other factors.—Brown (2, p. 237) has recorded observations of an 
early spring swelling as follows: ** Growth in white pine [Pinus strobus] 
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is divisible into (a) growth without cell division and (b) growth with cell 
division- The first begins as early as March [in the vicinity of Ithaca, New 
York] and the elements concerned (phloem) increase in radial diameter 
from 50 to over 100 per cent. The awakening of growth is due apparently 
to the rise of soil water with an accompanying increase in temperature.'' 
This writer speaks also of phloem contraction, after the end of September, 
which he attributes to extremely cold winter temperatures. Brown's 
studies were based on small blocks of phloem and xylem, 0.5 inch long and 
0.25 inch wide, cut from the tree at frequent intervals (Brown, 1; Lode- 
wick, 6 , p. 14). 

In view of wdiat has just been said, it is well to question Brown's inclu¬ 
sive use of the term 44 growth.” It seems that his “growth without cell 
division” could more properly be referred to as “rehydration,” reserving 
the term “growth” for his “growth with cell division.” The extremely 
cold temperatures which he cites are not experienced in the Carmel region; 
and such conditions, therefore, cannot afford the explanation for the ob¬ 
served shrinkage here. The question, whether soil desiccation is as impor¬ 
tant as cold in New York, also cannot be answered without further study. 

Hall (3), working at a latitude of about 35° S, noted that eight de¬ 
ciduous trees of four species showed a diametral decrease in May, appar¬ 
ently synchronous with the autumnal leaf fall. Eight evergreens, includ¬ 
ing one species of pine, did not show this decrease. Hall presents 
meteorological figures which show that May did not have the lowest mean 
temperature for the year, and that the precipitation was slightly above 
the monthly average, the 49-inch (124-cm.) rainfall being distributed 
rather uniformly throughout the year. In this case, of course, it is possi¬ 
ble, as Hall suggests, that there was a definite relation between leaf fall 
and shrinkage. It can be assumed that the evergreens did not show the 
shrinkage because the soil moisture content did not become critically low. 

Mr. A. D. Lindsay, of the Australian Commonwealth Bureau of For¬ 
estry, has reported, in a conversation, somewhat similar shrinkages (or 
“decrements”) in Monterey pine. These shrinkages appeared at certain 
seasons of the year in plantation trees, measurements being made monthly. 
There is no pronounced dry season in the region where these trees are grow¬ 
ing, and the shrinkage cannot at present be definitely correlated with envi¬ 
ronmental conditions. 

Localization op shrinkage 

In the case of a tree to which two dendrograplis are attached, one 6.5 
meters higher than the other, it is found that, in general, swelling or shrink¬ 
age takes place at about the same time at both heights. Occasionally, how¬ 
ever, it happens that one of these instruments will show shrinkage or swell- 
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ing while the other shows the reverse. The reason for these divergencies 
has not been ascertained. 

Of perhaps even more interest is the performance of a small tree 1 
meter in height. During the spring of 1931, the stem of this tree, at a 
height of 4 dm. above the ground, suffered a rather consistent shrinkage in 
diameter, a total of about 0.5 mm. during a period of nine weeks in March, 
April, and May. At the same time that this shrinkage was taking place, 
the terminal shoot continued to elongate, increasing in length a matter of 
8 cm. or so. 

From these observations it w r ould seem that water may be drawn away 
from one part of a tree and used to keep turgid the cells in another part. 
The plant may be shrinking at one point and swelling at another. Ap¬ 
parently MacDougal's suggestion (9, p. 3) that the water deficit “would 
increase from the base of the trunk toward its summit 99 would not neces¬ 
sarily hold true under all conditions. 

Another example of shrinkage in one part of a tree while another part 
is swelling is afforded by dendrographic studies of diametral fluctuations 
in different regions of the same individual tree. From such studies it ap¬ 
pears that the heartwood of a Monterey pine may be shrinking while the 
tree as a whole is swelling. 

Summary 

1. Detailed analysis of dendrographic records indicates that the fall or 
winter swelling which has been observed by MacDougal in Monterey pine 
trees is preceded by a progressive contraction during the dry season of the 
summer and fall. It appears, furthermore, that such shrinkage may occur 
during an unusually dry spring. In either case, with the advent of rain— 
or sometimes in foggy weather—such changes in diameter may be checked 
or reversed. The fall or winter swelling is accordingly to be ascribed to 
rehydration of the desiccated stem, and probably is not connected with cell 
division. Redwood trees also are found to exhibit these seasonal variations, 
which are very closely related to MacDougal previously described diur¬ 
nal fluctuations. 

2. Chief* among the conditions affecting shrinkage and rehydration are 
the evaporating power of the air (dependent upon atmospheric humidity, 
temperature, and wind movement) and the amount of soil moisture avail¬ 
able, the latter apparently being the more significant from the standpoint 
of seasonal fluctuations. 

3. A tree may be shrinking in one part while it is swelling in another. 

Carnegie Institution op Washington, 

Carmel, California. 
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CONTROL OF THE FLUX EQUILIBRIUM OF ELECTROCHEMICAL 
PROCESSES AND ELECTRIC POLARITY IN THE DOUGLAS 
FIR BY TEMPERATURE 

E. J. Lund 
(with two figures) 

Introduction 

As an introduction to the following description of experiments on the 
effect of temperature on the electric polarity in the Douglas fir, it is necessary 
to distinguish between two distinct types of effects of temperature on the 
E.M.P. produced by an electrochemical system. These two types of effects 
depend upon whether or not the system is in thermodynamic equilibrium. 
The relatively simple relation between change in static equilibrium of an 
electrochemical system and temperature is defined by the Gibbs-Helmholtz 
dE AH 

equation E = T^j^-—where E is the electromotive force, AH the change 

in heat content of the system, T the absolute temperature, n the number of 
electrochemical equivalents, and F the faraday. 

The effect of temperature is in general relatively small and directly pro¬ 
portional to the absolute temperature. So far as is known, the same state¬ 
ment applies to the relation between temperature and a system in meta¬ 
stable equilibrium while it is in the metastable state. The essential feature 
of the metastable state is that a new state is assumed only after a certain 
amount of energy is added or withdrawn from the system. The “resting’’ 
or apparently “isoelectric” condition of any irritable system, such as a 
nerve or muscle fiber, resembles in this respect a non-living system in meta¬ 
stable equilibrium. If to this extent we view the phenomenon of excitation 
and response of a nerve or muscle as a change from a state of metastable 
equilibrium, without considering the unique feature of recovery of the 
living nerve or muscle, then we should expect to find that the effect of 
temperature on the P.D. at the surface (or injury P.D.) of a resting muscle 
cell would be small and proportional to the absolute temperature. This is 
just what was found, within limits of experimental error, by Bernstein* (1) 
in his original and important study of the injury potential in muscle. An 
instructive inorganic system is the passive iron wire model (Lillie 2). 

Any electrochemical system which at the moment of consideration ex¬ 
pends electrical energy is obviously not in such a state of equilibrium. 
From this it follows that the continuous output of electric energy from 
polar cells and polar cell groups is derived from a system which never at¬ 
tains a condition of static, dynamic, or metastable 1 equilibrium in the sense 

i For definitions of different types of equilibria, see Taylor (9). 
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of classical thermodjmamics, but represents an output from a system in a 
constant state of flux of energy and material. I have designated the equi¬ 
librium state in such a system a flux equilibrium (Lund 6 ). 

Since a system in a constant state of flux equilibrium depends for its 
existence upon the maintenance of both absolute and relative velocities of 
change in the linked processes of the system (for example, flame, whirlpool, 
or catenary series of chemical reactions), it follows that temperature may 
indirectly affect the instantaneous magnitude of the intensity factor of the 
energy change, for example, the B.M.F. of an electrochemical system in such 
a state of flux by affecting (1) the relative and (2) the absolute velocities 
of the individual links in the chain of reactions. 2 

In general we should expect that the temperature coefficient of the E.M.F. 
of such a system would be large (and often variable), provided that the 
effect of temperature alters the relative velocities of the individual mem¬ 
bers in the catenary series and therefore the E.M.F., since the flux concen¬ 
trations of the electromotively active substances are changed. The varia¬ 
tion of E.M.F. in the frog skin with temperature is apparently an illustra¬ 
tion of these conditions (Lund and Moorman 3). 

The following experiments on the Douglas fir furnish still more striking 
illustrations of the behavior of such electrochemical systems in living cells. 
In this connection it is interesting to recall the similarity between the phe¬ 
nomena of continuous and discontinuous output of electrical energy by 
living systems and, for example, the continuous output of light by bacteria 
and the discontinuous output of energy from the luminous organ of such 
a form as the firefly, in which the feature of apparent “metastability” has 
been added to the mechanism by the evolutionary process of specialization 
in function. 

Effect of temperature on electric polarity of the apex 

The simplest way to approach an analysis of the phenomena is by con¬ 
sidering first the apexes of the main axis and lateral branches. Figure 1 
shows a typical arrangement of the apparatus with the result shown in the 
curves below. In this experiment a lateral branch was cut from the tree 
and removed to the laboratory with a minimum of mechanical disturbance. 
The apex in its natural orientation with respect to gravity was inserted in 
the air jacket, which consisted of a round tin tube about 3.5 inches in 
diameter, soldered at each end to the edges of holes cut in the sides of the 
galvanized iron can. Two holes were provided with rubber stoppers ( h) to 
permit access to the electrode contacts. The air chamber was lined with 
paraffined paper for electrical insulation. The electrode contacts were the 

2 The change with temperature in relative velocities of the members of the catenary 
series would of course be defined by the difference in their temperature coefficients at the 
particular temperature under consideration. 
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Fig. 1. Diagram at top shows sectional view of the arrangement. Open ends of the 
tin tube ( h are soldered to edges of holes cut in opposite walls of the tin vessel having 
a capacity of 3 gallons; heavy cotton insulation of vessel not shown. Stoppers ( h ) pro¬ 
vide access to electrode contacts. Tin tube (j) is electrically insulated by paraffin paper 
lining (p); t, thermometer reading to 0.1° C. Dry cotton plugs (d) insulate the cham¬ 
ber. Glass tubes (e) contain the cotton contacts which dip into beakers with tap water, 
into which the Pb-PbCl 2 electrodes are dipped for contact. Curves AB, AC, and BC 
represent the change in magnitude and orientation of the electric polarity caused by tem¬ 
porarily cooling the segment AB from room temperature of 20 to 1.6° C. 
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usual cotton wicks kept saturated with tap water and inclosed in bent glass 
tubes (e). The cotton contacts dipped into a beaker filled with tap water. 
The electrodes, which are not shown, were hung for contact over the edge 
of the beakers during the measurement. Dry cotton plugs ( d ) were in¬ 
serted in the ends of the chamber to prevent heat exchange. Air tempera¬ 
tures recorded on the graphs below were read off on a thermometer reading 
to 0.1° C., which was placed close to the apex. At the beginning of the 
experiments, tap water at room temperature was placed in the can, pro¬ 
vided on the outside with heavy cotton insulation and an insulated cover 
not shown in the diagram. The electrode contacts were washed at inter¬ 
vals with tap water at room temperature and their P.D. checked before and 
after washing. As usual, insignificant variations of a millivolt or two 
occurred during renewal of the contacts. In most of the experiments it 
was found desirable to let the preparation stand at room temperature for 
about half an hour before readings of P.D. were begun, in order to permit 
effects of mechanical disturbance to disappear. The records of room and 
chamber temperatures are given by the curves in the figure. 

Headings of P.D. between A and B, A and C, and B and C were taken 
systematically in the same order at intervals of from four to fifteen min¬ 
utes. These values in millivolts are given in the curves. In this and fol¬ 
lowing papers, the same convention of designating orientation of the polar¬ 
ity will be used as that employed previously (Lund 4). For example, when 
the P.D. between contacts A and B is given, as in curve AB , it means that 
contact A is electropositive to contact B in the external circuit. When the 
curve AB crosses the axis, the contact A becomes electronegative to the 
contact B y and so on. In other words, the first letter of the pair designating 
the curve indicates that the electrode designated by this letter in the figure 
is electropositive or electronegative to the electrode designated by the second 
letter, according to which point on the curve is considered. 

In this experiment, readings of P.D. between A and B , B and 0, and 
A and C were taken for one hour at constant room temperature. The 
water at room temperature was then drained from the container, the elec¬ 
trodes were w r ashed through the holes with the stoppers (h), and the con¬ 
tainer quickly filled with a water-ice mixture. Headings of the air tem¬ 
perature in the chamber and P.D.’s were continued. At the end of three 
hours the water-ice mixture was replaced by water at room temperature, 
with a continuance of the readings. The distances between the contacts 
A and B, and B and C were respectively 13.5 cm. and 17 cm. 

The extremely interesting results are simple and clear from inspection 
of the curves. They may be considered as follows. The P.D. between 
points A and B decreases to nearly zero value at about 1.5° C., and then 
increases to nearly 50 millivolts, returning to the normal value of about 16 
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millivolts at room temperature. Since the diameter of the apex between 
contacts A and B is practically the same and therefore cools at the same 
rate, the effect cannot be due to unequal rates of cooling of the two regions, 
especially when we consider the long time interval involved in the experi¬ 
ment. The only conclusion is that the P.D, in the more apical region A is 
decreased very much more than that in the less apical region B by the same 
lowering of temperature. That this interpretation is correct is shown by 
the curve AC, in which only the region of contact (A) is cooled, resulting 
in a decrease in P.D. to such an extent that it becomes electronegative to 
the region C, which is maintained at constant room temperature and there¬ 
fore at approximately constant electric potential. Now when we compare 
the simultaneous change of P.D. in the region B with that in C, as shown 
by the curve BC, it is noted that the total change of P.D. under the same 
conditions is less in region B than that in region A. 

The second remarkable difference between the effect of temperature on 
the apical region A and that of the more basal region B is shown by the 
large 44 rebound ’’ of the curves AB and as compared with the small 
“rebound” of the P.D. in region B in curve BC . It is clear that the same 
lowering of temperature around the apex tends to diminish the normal 
electric polarity; and if the lowering of temperature is sufficiently great, 
the electric polarity disappears and finally becomes inverted. Return to 
room temperature results in a return to the normal orientation of the 
polarity, which is followed by a great temporary increase in P.D. and then 
a return to normal. Experiments on the tip showed that the effects of 
temperature are definitely graded in their magnitude from the tip down¬ 
ward. This fact is further illustrated in the following experiment. 

Effect of temperature on electrical polarity in a basal 
segment of apical internode 

The diagram at the top of figure 2 shows a typical experimental arrange¬ 
ment when the apex of a lateral branch from near the top of a 6-year old 
tree was used. Contacts D and C are inside the chamber which surrounds 
the segment to be subjected to change in temperature. The distances 
between the pairs of electrode contacts A and B , B and C, C and D, D and 
E, and E and F are respectively 11 cm., 13 cm., 13 cm., 19 cm., and 11.5 cm. 
The results are shown below in the graphs, all of which are drawn to the 
same scale but separated into two groups for the sake of avoiding confusion 
in making comparisons. The curve of segment AB, not subjected to change 
in temperature, shows only a slight effect if any of temperature on its 
polarity by the change in the distant segment DC, Segment AB has a 
normal average electric polarity of about 18 millivolts. The total duration 
of the experiment was eight hours. 
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MILLIVOLTS. 



Fig. 2. Diagram at top indicates the arrangement, details of which are given in 
figure 1. Curves indicating the drift in E.M.F.’s of the correspondingly lettered seg¬ 
ment s are separated into two groups to facilitate comparison. The two sets of curves 
are drawn to same scale and may be superposed. Comparison should be made of each 
curve with the corresponding ones in figure 1. Lengths of the segments AB, BC, CD, 
DB, and JSF are respectively 11 cm., 13 cm., 13 cm., 19 cm., and 11.5 cm. 
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At room temperature the polarity of the segment BC was inverted . 
This condition usually never occurs except after mechanical stimulation. 
When the temperature around C is lowered, its P.D. is lowered to such an 
extent that the electric polarity becomes oriented in the normal direction. 
Return to room temperature results in increase in the electropositivity of 
the region C, with the temporary “rebound” of E.M.F. This is another 
illustration of the important general fact that the “rebound” is not as 
marked in lower levels of the stem as it is in the apex (c/. figs. 1 and 2). 

At room temperature A is slightly electropositive to C; but lowering 
the temperature lowers the P.D. in the region C, with the result that the 
segment AC attains a large polarity followed by a marked “rebound” of 
the E.M.F. in the region C which temporarily inverts the polarity of AC. 
The existence of the “rebound” is unmistakable but smaller than that in 
the apex as shown in figure 1. 

At room temperature DE has little or no polarity, but cooling causes 
the appearance of an inverted polarity with return to a normal polarity 
associated with a smaller but distinct “rebound” which tends to persist. 
The change in segment FD follows closely the change in DE. This merely 
shows that it is the E.M.F. in the region D which is affected and not that 
in regions E or F. 

In the upper set of curves, CD shows that the P.D. between the regions 
D and C becomes distinctly less at low temperature. But the difference in 
the effect of temperature upon the apical region C and the more basal 
region D is relatively small in comparison with the difference in a more 
apical region, such as in figure 1, curve AB. The evidence in the curves for 
a variation of E.M.F. ’s in the segments AB and EF is apparently indefinite 
and needs further detailed investigation. 

The question whether or not lowering of the temperature of the segment 
DC lowers the E.M.F. between F and A is of special interest when consider¬ 
ing the validity of the principle of summation of E.M.F. ’s in polar tissues. 
Since the drop in E.M.F. in CD is relatively small, the relatively small 
change in the curve AF may have some significance. From experiments 
carried out in a different manner, it appears that the procedure as indi¬ 
cated in figure 2 is not well adapted to bring out the facts on this point, 
especially when changes in temperature on segments from the more basal 
levels of the stem are observed. This question will be touched upon again 
in the following paper. (See also Marsh 8 .) 

Significance of results 

From the facts presented in previous papers (Lund 4 , 5), it appears 
clear that the E.M.F. ’s which constitute the characteristic polar properties 
of the Douglas fir have their origin in the living cells. What is observed 
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when measuring the external longitudinal electric polarity, as in these 
experiments, is the resultant of a rather complex system of EJOVs with 
two main groups of structural origins, namely, living wood and living 
cortex, both of which are derived from the bipolar cambium. It has also 
been fully shown that the fundamental electrical characteristics of a polar 
group of cellfc are directly referable to the same characteristics in a single 
cell. The facts are summed up in the statement that the electric polarity 
of the organ is the algebraic sum of the electric polarities of its cells. 

Now the only way, from the view-point of electrochemistry, in which it 
is at present possible to think of the electric polarity of a cell, is that this 
E.M.F. is the algebraic sum of elementary regional or phase boundary 
(loci) potentials having an aggregate polar orientation. The simplest ex¬ 
pression which defines the conditions of such a system is that for two 
oppositely oriented potential differences. 

If for the moment we assume that this system is an oxidation reduction 
system in the state of flux equilibrium, and for the sake of simplicity con¬ 
sider only two of the electromotively active species of reactants in the two 
loci in the cell, then for the polarity potential of the cell we may write 


E P = 



/ [A] b [AH 2 ]\ 
\[AH 2 J b LA]J’ 


( 1 ). 


In order to make this expression apply to a large number of loci, we should 
in the ideal case merely have to sum all the elementary E.M.F. ’s in a complex 
system in order to obtain an expression representing the total E.M.F. (c/. 
Lund 6, p. 245). 

With this conception in mind, the important question is, how would 
temperature be expected to affect the E.M.F. of such a polar system? If 
we assume for the moment that the above equation represents the E.M.F. of 
a system in static equilibrium, such as a simple concentration potential, 
then it is evident that the E.M.F. would be directly proportional to the 
absolute temperature, for the ratio of concentrations of A and AH 2 in any 
of the loci would not be changed in such a state of perfect reversibility. 
The observed effects of temperature on such a system are of course rela¬ 
tively small and similar to w r hat Bernstein found for the resting and injury 
potential (£/. metastable state, above) in a muscle. 

Now if we consider the total E.M.F. of two oppositely oriented homo¬ 
logous cells, one located in the apical region A and the other in the more 
basal region B in figure 1, then the expression for the total E.M.F. becomes 


2E P = 



[A] b [AH,] a 
[AH,] b [A] ft 



[A] b [AH,] a ^-| 
[AH,]JA]J]' 


The subscripts 1 and 2 denote respectively apical and basal cells. 


( 2 ). 

Again 
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it is obvious that the change in total E.M.F. with equal change in tempera¬ 
ture around the apical and basal cells is small and directly proportional to 
the absolute temperature. Lowering of the temperature of such a system 
obviously could not produce as great an effect as that represented by the 
drop in curve AB in figure 1. It could not at all account for the “rebound” 
phenomenon shown by curve AB when the system is returned to room tem¬ 
perature. 

These facts, together with the further fact that the system is an open 
one which generates energy, dispose completely of all attempts to view the 
equilibria of these continuous bioelectric currents associated with life 
activities in terms of simple concentration potentials of systems in static, 
metastable, or dynamic equilibrium. 

The only obvious alternative way in which these effects of temperature 
on electric polarity can be explained is that change in temperature changes 
in a characteristic manner the relative flux concentrations of the corre¬ 
sponding electromotively active substances in the apical and basal regions 
A and B. Since the electrochemical system is in a state of flux equilibrium, 
the same change in temperature must affect unequally the velocities of the 
individual links in the catenary series of reactions which are in the state 
of flux equilibrium. 

In short, here is an indirect method of showing that the temperature 
coefficients of the velocities of the different links in the chain of reactions 
which constitute the mechanism for producing electrical energy by the cell 
are different. Raising or lowering the temperature results in increasing 
or decreasing selectively the concentration of certain electromotively active 
components at the seat of origin of E.M.F., thus changing the ratio of the 
concentrations in equation (2) above. When the system is returned to the 
former temperature, then the concentrations of the links in the catenary 
system return approximately to their former relative values. This is the 
explanation of the “rebound” phenomena in the curves. The magnitude 
of the “rebound” is determined by the magnitude of the unequal changes 
of the concentrations. These facts, especially when taken in conjunction 
with (a) the “rebound” effects on the E.M.F. in the frog's skin caused by 
changing the oxygen concentration; (b) the “rebound” effects produced in 
the output of C0 2 by Planaria after a period in the absence of oxygen; and 
(c) the unequal effects of equal change in oxygen concentration on the 
velocity of oxidation in apical and basal ends of the Obelia stem (Lund 3, 
7, 6), constitute a conclusive proof that the electrochemical mechanism 
which produces continuous bioelectric currents in the living cell is in a state 
of flux equilibrium. 

The question remains, is this system in the Douglas fir an oxidation 
reduction system which is linked quantitatively with cell oxidation as has 
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been shown in the case of Obelia, roots, and the frog’s skin? In the absence 
of experimental facts an answer to this question is postponed. 

Another interesting question is, how are the directions and magnitudes 
(patterns) of the internal correlation currents in the wood and cortex 
modified when the polarities are changed by temperature? A clearer 
understanding of how change in temperature can be used to modify this 
pattern of distribution of correlation potentials is of obvious importance 
in the practical solution of the problem of how such correlation processes 
as inhibition and dominance of growing points operate in the developing 
organism. In a following paper further light will be thrown on some of 
these questions. 

Summary 

1. Additional evidence is presented to show that temperature affects the 
E.M.F. of a system in flux equilibrium by changing the relative concentra¬ 
tions of the electromotively active substances which represent the links in 
the catenary series of reactions in flux equilibrium. The other effect of 
temperature on such a system is small and proportional to the absolute tem¬ 
perature, but is purely imaginary since the system is not reversible and 
therefore is not in thermodynamic equilibrium. 

2. By lowering the temperature equally around an apical segment of 
the main axis or lateral branch of the Douglas fir, the electric polarity of 
this segment is diminished. This is due to unequal effect of equal change 
in temperature on apical and basal regions of the piece, and is related to 
the difference in the amount of change in the ratios of concentrations of the 
electromotively active substances in apical and basal levels of the piece. 

3. Return of the previously cooled segment to the original tempera¬ 
ture results temporarily in what has been called a rebound of the E.M.F. 
This rebound is relatively greater in apical than in basal regions of the 
stem. This phenomenon is a logical consequence of the nature of the effect 
of temperature on the flux equilibria. 

4. The electric polarity of the apex of the Douglas fir may be increased, 
decreased, reversed, or made equal to zero by means of temperature. By 
inference, the internal correlation currents are therefore changed in a corre¬ 
sponding manner. The possible significance of these phenomena for regu¬ 
lation in growth and other processes is pointed out. 

The University of Texas, 

Austin, Texas. 
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FLOWER PRODUCTION FROM GLADIOLUS CORMS HARVESTED 
AT DIFFERENT STAGES OF RIPENING 1 2 3 

B. E. Gilbert and E. B. Pember 

Differences of opinion have been found to exist among commercial 
gladiolus growers as to the proper stage of maturity at which to harvest 
gladiolus corms to insure later maximum flower production. Some growers 
are very careful to allow the tops to dry out before digging the corms; 
others dig immediately after flower production is past and allow the plants 
to dry out exposed to the sun and air before cutting off the tops; while 
others claim that neither of these precautions is necessary and that as good 
flower production may be secured by digging immediately after the flower¬ 
ing period and severing the green tops from the corms at once. 

An experiment w r as carried on during 1930 and 1931 at the Rhode 
Island Agricultural Experiment Station to determine the effect on yield 
of blossoms of plants grown from corms harvested according to these 
methods. 

Cultural methods 

During the spring months of 1930, plants of the Alice Tiplady and 
Maiden's Blush varieties were grown in the greenhouse in fertile soil to 
which optimum nutrients were added. Both varieties flowered during the 
months of May and June. The Alice Tiplady plants were harvested on 
three different dates, with the following treatments: 

1. July 14: 25 plants harvested and taken for chemical analysis. 

20 plants harvested and topped at once. 

20 plants harvested and allowed to dry in the sun with 
the corms covered, and topped September 11. 

2. August 7: 25 plants harvested and taken for chemical analysis. 

20 plants harvested and topped at once. 

20 plants harvested and allowed to dry in the sun with 
the corms covered, and topped September 11. 

3. September 11: 100 plants dried out in the bed, harvested, and topped. 

25 plants taken for chemical analysis. 

Two harvests were made with the Maiden's Blush plants, and treat¬ 
ments were as follows: 

1. July 17: 400 plants were harvested and of these 

100 were topped at once, 

25 were taken for chemical analysis, 

275 were stored exposed to sun and air with corms 
covered. 

i Contribution no. 417 of the Bhode Island Agricultural Experiment Station. 
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2 . August 7: 25 of the preceding 275 taken for chemical analysis. 

3. September 11: Remainder topped. 

The corms which had been harvested as indicated were stored in a cool 
dry cellar throughout the summer and were planted in the greenhouse on 
February 19, 1931, in fertile soil to which optimum nutrients had been 
added. The plants from these corms bloomed during May and June, thus 
giving data showing the effect of harvesting methods on growth and yield. 

Methods of chemical analysis 

Essentially the same procedure as that used by Potter and Phillips (1) 
with apple spurs was followed in preserving, extracting, and fractionating, 
with the following exceptions: 

Preserving the sample. —Immediately after harvesting, 25 plants were 
brought to the laboratory. The corms were severed from the tops at the 
base of the stalk. The tops and corms were quartered and one-quarter of 
each was cut up into fine pieces and then ground through a Nixtamal mill. 
The ground material was weighed. Two samples of 10 gm. each were 
weighed into tared moisture dishes and the moisture determined. Two 
samples of 100 gm. each were weighed into tared Erlenmeyer flasks, 0.25 gm. 
CaC0 3 and 150 cc. hot 95 per cent, alcohol added, and the flask heated to 
gentle boiling for 30 minutes. 

Determination of carbohydrate fractions. —Sugars were determined 
by the use of the Shaffer-Hartman iodimetric method (2) for the estima¬ 
tion of cuprous oxide. 

A major exception from the methods of Potter and Phillips was found 
to be necessary in the manner of estimating acid-hydrolyzable polysaccha¬ 
rides. It was found impossible to secure consistent results from the acid 
hydrolysis of the residue from the starch determinations, and so the acid- 
hydrolyzable polysaccharides were determined on 1 gm. of the dried residue. 
Thus this fraction in this experiment contains starch and is essentially 
different from that of Potter and Phillips. 

Yield data 

In table I data are given showing the yield of blooms and corms from 
plants grown from corms which had been harvested in various ways. 

Alice Tiplady plants were harvested on July 14, August 7, and Septem¬ 
ber 11, 1930, and immediately topped. Plants grown from these corms in 
1931 gave no indications of significant differences in yields of corms or 
flower stalks, considering a 20 per cent, difference to be the lower limit of 
a significant yield variation. There was, however, a consistent increase in 
the average length of flower stalk and number of florets as the 1930 corms 
were allowed to remain longer in the bed. 
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TABLE I 

Yield op gladiolus plants grown prom corms matured by different methods 


Variety 

Harvest 

1930 

Topped 

1930 

Blooms, 1931 

Corms, 1931 

No. 4 

Average 

LENGTH 

Average 

NO. PER 
PLANT 

No.* 

Average 

WEIGHT 
PER CORM 






inches 



gm. 



July 14 

July 14 

100 

28.5 

8.0 

105 

12.8 



Aug. 7 

Aug. 7 

100 

29.0 

8.5 

95 

20.6 

Alice Tiplady 


Sept. 11 

Sept. 11 

111 

32.0 

9.0 

105 

16.9 



July 14 

Nov. 11 

115 | 

28.0 

| 

8.0 

130 

16.1 

i 


Aug. 7 

Nov. 11 

95 

| 26.5 

7.5 

no 

17.5 


r 

July 17 

July 17 

101 

32.5 

11.5 

100 

25.0 

Maiden’s Blush j 

i 









l 

July 17 

Nov. 11 

102 

33.5 

11.0 

312 

25.8 


* Based on 100 plants. 


Corms from Alice Tiplady plants harvested July 14 and August 7, 1930, 
and allowed to dry out with the tops exposed to the sun and air, produced 
plants in 1931 which yielded essentially the same in blooms and corms. 
There were no appreciable differences in the average lengths of flower stalks 
or average number of florets. 

The Maiden’s Blush corms which were harvested July 17, 1930, and 
immediately topped, when compared with similar corms harvested on the 
same date and the tops allowed to dry in the sun, gave plants in 1931 which 
were essentially the same in all yield data. 

4 

Chemical determinations 

The results of the determinations of the carbohydrate and nitrogen 
fractions are given in tables II to V. Attention is drawn particularly to 
tables III and V, where the results are expressed as actual grams of the 
analytical fractions in 25 plants of the two varieties of gladiolus. 

As noted previously, the Alice Tiplady plants (table III) which were 
analyzed were harvested July 15, August 3, and September 11, 1930. The 
plants harvested September 11 might be considered to have been metaboliz¬ 
ing actively until the middle of August at the least. After that time the 
tops gradually dried out, until when harvested they were air-dry. Thus the 
acid-hydrolyzable polysaccharides and the alcohol-insoluble nitrogen ac¬ 
cumulated in the tops and corms. Apparently the greatest increase must 
have been in eellulose, although this cannot be demonstrated as that fraction 
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TABLE II 


Analytical fractions expressed as percentages of dry matter (Alice Tiplady) 


Bate of harvest 


Tops 



Corms 


July 15 

Aug. 3 

Sept. 11 

July 15 

Aug. 3 

Sept. 11 

Dry matter* . 

20.96 

24.58 

93.10 

24.67 

29.65 

31.65 

Reducing sugar . 

5.30 

4.13 

0.74 

2.89 

1.79 

0.82 

Sucrose . 

Trace 

1.38 

Trace 

7.42 

7.47 

4.49 

Starch . 

Acid-hydrolyzable 

Trace 

Trace 

Trace 

46.17 

47.83 

47.39 

polysaccharides 

Alcohol-soluble 

1.48 

1.57 | 

0.96 

37.19 

40.24 

38.55 

nitrogen 

Alcohol-insoluble 

0.27 

0.15 

Trace 

0.71 

0.63 

0.81 

nitrogen. 

1.28 

0.95 

0.74 

1.15 

1.34 

1.85 

Total nitrogen .. 

1.55 

1.10 

0.74 

1.86 

1.97 

2.66 


* In the undried material. 

TABLE III 

Actual grams of analytical fractions in 25 plants (Alice Tiplady) 


Date of harvest 

| Corms 

Tops 

July 15 

Aug. 3 

Sept. 11 

July 15 

Aug. 3 

Sept. 11 


Dry matter 

209.60 

444.06 

837.90 

394.72 

405.61 

443.10 

Reducing sugars . . 

11.12 

18.27 

6.21 

11.41 

7.27 

3.66 

Sucrose . 

Trace 

6.09 

Trace 

29.31 

30.30 

19.89 

Starch . 

Acid-hydrolyzable 

Trace 

Trace 

Trace 

182.24 

184.00 

209.98 

polysaccharides 

Alcohol-soluble 

3.10 

I 

6.97 

i 

8.04 

146.80 

163.22 

170.81 

nitrogen . . 

Alcohol-Insoluble 

0.56 

0.67 

Trace 

2.79 

2.56 

3.59 

nitrogen . 

2.68 

4.22 

6.20 

4.54 

5.43 

8.20 

Total nitrogen . 

3.24 

4.89 

6.20 

7.33 

7.99 

11.79 


was not included in the analysis. In the corms the starch fraction in¬ 
creased with maturity, partly at the expense of the soluble sugars, which 
decreased. The total nitrogen of the corms may have increased owing to 
the translocation of soluble nitrogen from the tops. In both carbohydrate 
and nitrogen fraction the movement was toward the accumulation of stor¬ 
age forms in the corms. This is as would be expected with storage in corm 
formation. 

Table V gives the results of the analysis of two lots of 25 Maiden’s Blush 
plants which differed only in the treatment after harvesting. The tops of 
the plants which were allowed to dry out in the sun apparently were sub- 
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TABLE IV 


Analytical tractions expressed as percentage or dry matter (Maiden’s Blush) 


TlATn AV TT AQW.RT 

Tops 

Corms 


July 17 

Aug. 3 

July 17 

Aug. 3 

Dry matter* . 

26.39 

89.70 

30.52 

33.70 

Reducing sugar .... ,.. . 

5.49 

0.15 

1.03 

0.69 

Sucrose . . 

0.61 

Trace 

5.86 

4.90 

Starch . 

Trace 

Trace 

53.62 

44.23 

Acid-hydrolyzable polysaccharides . 

2.15 

2.08 

35.52 

41.52 

Alcohol-soluble nitrogen .... — 

0.18 

0.26 

0.56 

0.58 

Alcohol-insoluble nitrogen . 

0.62 

0.50 

2.10 

1.13 

Total nitrogen. 

0.80 

0.76 

2.66 

1.71 


* In the undried material. 


TABLE V 


Actual grams or analytical tractions in 25 plants (Maiden’s Blush) 


Date op harvest 

Tops 

Corms 

July 17 

Aug. 7 

July 17 

Aug. 7 

Dry matter . 

263.90 

259.00 

488.32 

539.20 

Reducing sugars. . 

14.50 

4.59 

5.02 

3.71 

Sucrose . 

1.60 

Trace 

28.60 

26.45 

Starch. .... 

Trace 

Trace 

261.84 

238.49 

Acid-hydrolyzable polysaccharides 

5.67 

0.54 

173.45 

223.87 

Alcohol-soluble nitrogen 

0.49 

0.79 

2.73 

3.15 

Alcohol-insoluble nitrogen 

1.64 

1.29 

10.25 

6.09 

Total nitrogen 

2.13 1 

2.08 

12.98 

9.24 


ject to translocation from tops to corms, as all the fractions (with the 
exception of the soluble nitrogen) decreased materially in actual amounts, 
while there was an increase in the acid-hydrolyzable polysaccharides in the 
corms. It is suggested that while the decrease in the reducing sugars and 
sucrose in the corms may have been due partly to respiration, the greater 
part of the loss in these fractions was due to condensation to polysaccha¬ 
rides. The total nitrogen of the corms decreased, owing to a marked 
decrease in the insoluble nitrogen. 

Discussion 

In general, the changes noted by the analysis of carbohydrate and 
nitrogen fractions are in line with the theory of condensation of simple 
compounds to complex storage forms which normally takes place during 
ripening. Theoretically, therefore, the additional amounts of condensed 
compounds in the corms which had been allowed to mature before being 
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dug, or having the tops severed, might be expected to give the better plants 
and the better yield. Referring to table I, however, there seems to have 
been but slight differences between the yields of the 1931 crop despite the 
harvesting treatment of the 1930 plants. No appreciable size differences 
were noted in connection with the Alice Tiplady corns harvested at different 
dates. This fact is also in agreement with the data in table I. From other 
unpublished data it has been determined that size of corm affects flower 
production. "Where such differences have been noted, however, the size 
differences have been many times greater than any noted in this experi¬ 
ment. This leads to the conclusion that differences such as were found to 
be present in amounts of storage chemical compounds, were perhaps not 
great enough to influence the succeeding generation of gladiolus. In other 
words, usually a gladiolus corm may be considered to have huge reserves 
of energy, only a portion of which is needed to establish and maintain the 
new plant. 

Conclusions 

From data obtained by growing gladiolus in the greenhouse from conns, 
some of which were harvested at different stages of maturity, some of which 
had the tops removed immediately after harvest, and some of which were 
allowed to dry out before topping, it is concluded that there is little to gain 
by any one of these procedures over the others. Differences in flower and 
corm yields were not significant. There seemed to be a slight benefit in 
length of flower stalk and number of florets accompanying greater maturity; 
for example, the Alice Tiplady corms which were allowed to mature in soil 
gave longer stalks and more florets per stalk. 

Chemical analyses gave data showing accumulation of condensed forms 
of carbohydrates and nitrogen compounds stored particularly in the corns. 
These additional amounts, however, were apparently not great enough to 
influence the yield of the succeeding generation of gladiolus. 

Bbooe Island Agricultural Experiment Station, 

, Kingston, B. I. 
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FIELD METHOD FOR ESTIMATING NITRATE, PHOSPHATE, 
AND POTASSIUM IN PLANTS 1 

E. M. Emmert 

Introduction 

Work on tomato and lettuce plants (2) indicates that the percentage of 
a plant-food element in the mature conducting tissue of a plant is a better 
index of the adequacy of the soil in supplying this element to the plant than 
is the percentage of the element found in the soil. Therefore quick tests 
for approximating the percentages of nitrate, phosphate, and potassium in 
mature plant tissue, in the field, should have practical value in supplying 
information to guide the application of fertilizers, either to the growing 
crop or for the benefit of a crop to follow. The procedures described in 
this paper, which are adaptations of good laboratory procedures, seem to 
be satisfactory for the purpose indicated. 

The field pack should be as follows: 

Fob preparing the plant extract. —A small hand balance and 5 gm. 
weight; a 10 ec. graduate; two small mortars and pestles; 11 cm. no. 1 
Whatman filter-papers; test-tubes (3 l"x$" is a convenient size); a test- 
tube rack; a dipper to measure 0.5 gm. of charcoal; a 1 cc. pipette graduated 
in tenths of a cc.; glacial acetic acid; phosphate-free charcoal (3) ; tap water 
(distilled water is best if available). Besides these, calcium hydroxide and 
a 10 per cent, solution of copper sulphate ( 4 ) may be needed for some 
tissues. 

For the nitrate test. —A 25 cc. evaporating dish; an alcohol lamp; a 
pair of tongs; a 25 cc. graduate; test-tubes (3£"x|") ; phenoldisulphonic 
acid (1) (solution An); clear 30 per cent, sodium hydroxide (solution Bn); 
a set of color standards, made as directed under the nitrate test. 

For the phosphate test. —A 1 cc. pipette; a 2.5 per cent, solution of 
Ammonium molybdate in 5 N sulphuric acid (solution Ap); aminonaphthol 
sulphonic acid (solution Bp) (6); a set of color standards, made as directed 
under the phosphate test. 

For the potassium test. —A 25 cc. evaporating dish; sodium eobaltini- 
trite solution (5) (solution Ak); a solution made by dissolving 27 gm. of 
sodium nitrite in distilled water and making up to 100 cc. (solution Bk); 
a set of color standards, made as directed under the potassium test. 

1 The investigation reported in this paper is in connection with a project of the 
Kentucky Agricultural Experiment Station and is published by permission of the 
Director. 


815 



316 


PLANT PHYSIOLOGY 


Preparation of plant extract 

Portions of the lower mature main stem or of lower mature petioles or 
branches as near the main stem as possible should be used. Immediately 
weigh 5 gm. of the fresh tissue as nearly whole as possible and cut into 
small pieces after weighing. Grind in a mortar with 0.5 gm. of phosphate- 
free charcoal (use more charcoal if needed to assure a clear solution). Add 
10 cc. of 2 per cent, by volume acetic acid as the grinding is being done. 
Immediately mix thoroughly and filter through a dry filter into a test-tube. 
Each 0.2 ce. of this solution represents 0.1 gm. of sample. If the nitrate test 
cannot be made immediately, take the aliquot for the nitrate test and add 
an equal volume of 3 per cent. NaOH before allowing the extract to stand. 

The extract usually is clear if stem or petiole tissue is used. Extract 
from leaf tissue may or may not be clear and the protoplasm of leaf cells 
may retain all the water, making it necessary to use more 2 per cent, acetic 
acid. 

The succulence of the tissue varies the amount of extract secured, making 
it necessary to use the same weight of sample and the same volume of 2 per 
cent, acetic acid in making comparisons. The approximate parts per mil¬ 
lion of the nutrient can be found by making moisture determinations and 
allowing for the moisture of the sample. Comparisons can be made without 
doing this, since the amount of moisture in the same kind of tissue does not 
fluctuate enough to be significant in approximate analyses. 

Nitrate test 

This test should be made at once, to avoid enzymic reduction which will 
occur if the extract is allowed to stand. Put enough of the extract (usually 
0.2-1.0 cc.) to give a good yellow nitrate color into a 25-cc. evaporating 
dish, add an equal volume of 3 per cent. NaOH, and evaporate to dryness 
without spattering or burning, over an alcohol lamp. Add 1 cc. of phenol- 
disulphonic acid (An) and cover all the residue well by rotating the dish. 
Let stand about 5 minutes and add about 10 cc. of water. Add clear 30 
per cent. NaOH (Bn) slowly until a yellow color persists. Make up to 20 
cc, and compare with the color standards for nitrate nitrogen. 

Permanent color standards for nitrate nitrogen. —Dissolve 0.3609 
gm. of KNO a in distilled water and make up to 1000 cc. One cc. of this 
solution contains 0.05 mg. of nitrate nitrogen, and 0.1 cc. corresponds to 
50 ppm. of nitrate nitrogen in the plant tissue, if 0.1 gm. of plant tissue is 
represented. If the extract from 0.2 gm. of tissue has been used, the color 
will represent 25 ppm.; if 0.4 gm. of tissue was required, the eolor repre¬ 
sents 12.5 ppm., etc. 

Prepare a series of standards as indicated in table I. 
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TABLE I 


Standard nitrate 
solution 

Nitrate nitrogen represented in green tissue 

WHEN 0.1 GM. IS USED IN NITRATE TEST 

cc . 

ppm . 


0.1 

50 

(CoIot varies from faint 

0.2 

100 

yellow at 50 ppm. to 

0.4 

200 

very strong yellow at 

0.8 

400 

1000 ppm.) 

1.2 

600 


1.6 

800 


2.0 

1000 



These standards will last indefinitely if kept in glass-stoppered tubes. 
They will keep in the test-tubes if stoppered with rubber stoppers and care 
is taken that the solution does not come into contact with the stoppers. 

Color interference in nitrate test. —If the nitrate test cannot be 
read accurately because of interfering substances, grind 5 gm. of tissue with 
about 0.5 gm. of calcium hydroxide, add 10 cc. of 2 per cent, copper sulphate 
solution (2 cc. of 10 per cent, diluted to 10 cc. with water), mix well, allow 
to stand about 5 minutes, and filter ( 4 ). (The extract prepared in this way 
is not suitable for estimating phosphate phosphorus.) The Cu(OH) 2 
usually clarifies the solution satisfactorily. 

Phosphate test 

Put sufficient plant extract (usually 0.2-2 cc.) to give a good color into 
a 10-cc. graduate. Make up to about 7 cc. with water. Add 1 cc. of 
molybdate solution (Ap) and 0.5 cc. of aminonaphthol sulphonic acid 
(Bp). Make up to 10 cc., mix, and allow to stand 10 minutes before com¬ 
paring with the color standards for phosphorus. 

Temporary phosphate phosphorus color standards. —Dissolve 0.1097 
gm. of KH 2 P0 4 in distilled water and make up to 2500 cc. One cc. of this 
solution contains 0.01 mg. of phosphate phosphorus and 0.1 cc. represents 
10 ppm. of phosphate phosphorus in the plant tissue, if 0.1 gm. of plant 
tissue is represented. If 0.2 gm. of tissue has been used the color repre¬ 
sents 5 ppm., etc. 

Prepare a series of standards as indicated in table II. These standards 
must be made up at the same time as the unknown to secure proper com¬ 
parison. The color deepens with standing. 

Permanent phosphate phosphorus color standards. —Measure out 
two 5 cc. portions of the phosphate standard solution prepared for the tem¬ 
porary standards. Develop the blue color as directed for the plant extract. 
Allow to stand 72 hours. Prepare a set of temporary standards. Dupli- 
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TABLE II 


Standard phosphate 
solution 

Phosphorus in green tissue when 0.1 gm. 

IS USED IN TEST 

ec . 

ppm. 



0.1 

10 

(Color varies from very 


0.2 

20 

faint blue at 10 ppm. 


0.5 

50 

to very dark blue at 


1.0 

300 

440 ppm.) 


2.0 

200 



3.0 

300 



4.0 

400 




cate the colors developed by the temporary standards in 10 minutes by 
diluting appropriate amounts of the dark blue solution which has stood 
72 hours with a clear solution made by adding 10 cc. of acid ammonium 
molybdate (Ap) and 4 cc. of aminonaphthol sulphonic acid (Bp) to 70 ce. 
of distilled water and making up to 100 cc. If the color is too light add a 
little more of the dark blue solution, or if it is too dark dilute with the clear 
acid molybdate solution until a set of standards made from the blue solution 
which has stood 72 hours exactly duplicates the temporary set. The per¬ 
manent set usually will keep for several days, but for accurate work it is 
best to make up fresh standards at the time the tests are made. 

Potassium test 

. Put sufficient plant extract (usually 0.5-2 cc.) to cause an appreciable 
> reduction of color of the potassium reagent into a 25-cc. evaporating dish 
T and evaporate almost to dryness, without spattering or burning. Add 0.3 
cc. of sodium cobaltinitrite (Ak), cover all the residue by rotating the dish, 
and allow to stand about 5 minutes. Make to 10 cc., in a 10-cc. graduate, 
with sodium nitrite solution (Bk). After the precipitate settles, compare 
with the color standards for potassium. The comparison may be made 
immediately by filtering off the precipitate on a dry filter. The lighter the 
color the greater the amount of potassium. If the solution is nearly color¬ 
less, another test should be made, using less plant extract. 

Temporary potassium standards. —Dissolve 1.2929 gm. of KNO s in 
distilled water and make up to 250 cc. One cc. of solution contains 2.0 mg. 
of potassium and 0.3 cc. represents 600 ppm. of potassium in the plant 
tissue, if 1.0 gm. of plant tissue is represented. If 2.0 gm. of tissue has 
been used the color represents 300 ppm., etc. 

Prepare a series of standards as indicated in table IE These standards 
are good only for the day they are made; the color fades slowly on stand¬ 
ing over night. 
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TABLE III 


Standard potassium 

SOLUTION , 

Potassium represented in green tissue when 

1.0 GM. IS USED IN TEST 

ce . 


ppm. 


0.00 


0 

(Color varies from dark 

0.30 


600 

brown color at 0 ppm. 

0.60 


1200 

to faint yellowish 

0.90 


1800 

brown at 3000 ppm.) 

1.20 


2400 


1.35 


2700 


1.50 


3000 



Permanent potassium standards. —When ferric chloride is dissolved 
in concentrated hydrochloric acid, a permanent color is produced which is 
almost the same as the sodium cobaltinitrite color. Make a strong solution 
of FeCL in hydrochloric acid. Duplicate the color of the temporary potas¬ 
sium standards by diluting appropriate amounts of the FeCl 3 solution with 
hydrochloric acid. These solutions will keep indefinitely. 


TABLE IV 

Comparison or laboratory and field tests for nitrate and phosphate, made on the 

SAME MATI'RE TOMATO PETIOLES (PPM. OF GREEN PLANT TISSUE) 




Nitrate N 

Phosphate P 

Notes on appear¬ 
ance OF PLANT 

Plant 

Treatment 

Labora¬ 

tory 

Field 

Labora¬ 

tory 

Field 

1 

Check; a rather 
poor red soil 

ppm. 

980 

ppm. 

1000 

ppm. 

Trace 

ppm. 

Trace 

Fairly green and 
large; f ri$t set 
poor 

»» 

400 lb. of sodium 
nitrate per 
acre 

1666 

1600 

266 

200 

Green, large 
plants; fruit set 
fair 

o 

o 

20 tons manure 
and 1 ton 
Cn(OH)» per 
acre 

1500 

1300 

i 1 

300 

250 

Quite vegetative 
and large; fruit 
j set fair 

4 

5 

400 lb. of sodium 
nitrate per 
acre 

4 tons of straw , 
per acre i 

1666 

Trace 

1600 

None 

266 

660 

200 

500 

Same as plant 
| no. 2 

Stunted, yellow 
! plants; fruit set 
good 

6 

1 

40 tons of ma¬ 
nure, 1 ton 
Ca(OH) a , 0.5 
ton NaaCO, 

1666 

1500 

600 

400 

Very large; vege¬ 
tative plants 
with good set of 
large fruits 
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Results 

Comparison of field and laboratory tests 

Table IV shows quantitative results obtained by the laboratory proce¬ 
dure ( 4 , 5) and the amounts estimated by the field tests in samples from 
the same plants. The two sets of determinations agree well, considering 
that the field test is approximate. The nitrate determinations check quite 
closely, while the laboratory values for phosphate are slightly higher than 
those obtained by the field test. 

Table IV also shows a good correlation between fruit set and phosphate 
phosphorus content, as. well as between vegetation and nitrate nitrogen 
content. The appearance of the plant cannot always be relied upon, how¬ 
ever, since some disease or nutritional factors other than lack of nitrate 
may cause a yellowish color. Many other factors besides lack of phosphorus 
may cause a poor set. 

Results of field tests on different plants 

In order to determine whether the tests would work on different plants, 
determinations were made on plants of several kinds. The results are pre¬ 
sented in table V. In a few of these, interference by carbohydrate was 


TABLE V 

Results or field tests (ppm. of green tissue) 


Plant 

N 

P 

K 


ppm. 

ppm. 

ppm. 

Peas (stunted), stems 

Trace 

700 

1000 

Peas (vigorous), steins 

800 

300 

2500 

Rhubarb (vigorous), petiole 

150 

800 

500 

Coleus (vigorous), stem 

2000 

350 


Onion (vigorous), stem . . 

250 

300 

700 

Asparagus (stem tissues of tips) 

Trace 

600 

900 

Peach, petioles . . 

600 

1000 

1500 

Raspberry (vigorous), petioles 

300 

5 

800 

Raspberry (mosaic yellow), petioles 

50 

10 

400 

Potted tomhto plant (root-bound and yellow) 

50 

30 

| 600 

Potted tomato plant (green and stocky) 

400 

15 

! 400 

Young corn plants (vigorous) . 

700 

10 

1800 

Young peach fruits . 

300 

900 

i 600 


experienced in making the nitrate test on the charcoal extract. When 
Ca(OH) 2 and copper sulphate were used as the clarifying agents, the diffi¬ 
culty was overcome. The kinds of tissue in which this occurred were fresh 
asparagus tips, green onions, and small peach fruits. 
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Interpretation of field tests 

As yet, not enough tests have been made to determine the exact concen¬ 
trations of nutrients which should be maintained in the various plants to 
obtain optimum yields. However, the concentration found in vigorous, 
high-yielding plants should be a guide to the amount of nutrient which 
should be present. For instance, table IV shows that the vigorous tomato 
plants possessing a good set of fruit contained about 1600 ppm. of nitrate 
nitrogen, 600 ppm. of phosphate phosphorus, and 3800 ppm. of potassium. 
The nitrated plants contained 1600 ppm. of nitrate nitrogen and looked 
healthy, yet the fruit set was not good. The tests revealed that only 200 
ppm. of phosphate phosphorus was present. The inference is that it would 
pay to add available phosphorus. Field tests can thus be used to reveal 
nutrient deficiencies and to form a basis for intelligent fertilizer application 
to supply the specific need of a particular crop. 

Field tests on the plant indicate what soil nutrients are available to the 
plant, and enable the determination of the optimum ratios and concentra¬ 
tions of nitrate, phosphate, and potassium for each kind of plant. The 
interference experienced in soil tests with certain soils is eliminated. The 
tests may be performed rapidly in the field, dispensing with the necessity 
of a laboratory and hours of laboratory routine. 

University op Kentucky, 

Lexington, Ky. 
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SEASONAL CHANGES IN THE COMPOSITION OP THE INSOLU¬ 
BLE NITROGEN FRACTION IN THE CURRENT YEAR’S 
SHOOTS OF BARTLETT PEAR 

A . 8 . M IT L A Y 
(WITH TWO figures) 

In a previous paper (1), it was shown that there were considerable 
variations in the quantity of insoluble nitrogen, both in bark and wood, 
during the growth cycle of pear shoots. It was also shown in another 
paper (2) that seasonal variations in the water-soluble nitrogen fraction in 
pear shoots are not only quantitative but qualitative also. It was of interest 
to find how the insoluble nitrogen fraction, representing mainly cytoplasmic 
proteins, behaved in this respect. As a convenient way of partially answer¬ 
ing this question, a Van Slyke fractionation of the insoluble nitrogen was 
undertaken, although it was apparent that the constancy of results by this 
method would be no proof of the constant composition of this fraction. 

Experimentation 

Current year’s shoots were separated into bark and wood, dried at 
f)0° C., and ground to 100 mesh. This powder was shaken with water at 
room temperature for two hours, and the residue separated from the soluble 
extract by centrifuging and washing. This residue was dried at 50° C. and 
powdered. The amount of total nitrogen in this residue is called insoluble 
nitrogen. The material used and the procedure followed are fully described 
in the paper ( 1 ) on the seasonal variations in soluble and insoluble nitrogen. 
A 25-gram portion of this residue was extracted with benzene and alcohol 
in the order named and the nitrogen determined in these extracts. The 
extracted sample was gently boiled with 20 per cent, hydrochloric acid for 
48 hours under a reflux condenser. The hydrolysate was filtered under^uc- 
tion on hardened filter-paper and the residue washed with hot water until 
free from chlorides. The filtrate and the washings were evaporated nearly 
to dryness under reduced pressure. This concentrate was taken up with 
hot water, made up to 500 cc., and total nitrogen determined on an aliquot. 
The remainder was carried through the amide and other determinations as 
described elsewhere (2). Tables I and II summarize the results obtained. 

Discussion 

The insoluble nitrogen of the bark (fig. 1) contains 40-50 per cent, amino 
nitrogen, nearly 20 per cent, basic nitrogen, 10-15 per cent, melanin nitro¬ 
gen, 7-9 per cent, amide nitrogen, 4-6 per cent, humin nitrogen, 5-10 per 
cent, rest nitrogen, 2 per cent, alcohol-soluble nitrogen, and about 0.1 
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Fig. 1 . Seasonal changes in composition of the insoluble nitrogen fraction in the 
bark of the current year’s shoots of Bartlett pear. 


per cent, benzene-soluble nitrogen. This composition seems to remain more 
or less constant throughout the year, except that at the beginning of the 
growing season there is a slight rise in amide and humin nitrogen at the 
cost of basic and rest nitrogen; and as growth proceeds there is a slight fall 
in amino nitrogen with a parallel rise in rest nitrogen. 

The insoluble nitrogen of the wood is composed of about 40 per cent, 
amino nitrogen, 12 per cent, basic nitrogen, 14 per cent, melanin nitrogen, 
10 per cent, amide nitrogen, 12 per cent, rest nitrogen, 4 per cent, humin 
nitrogen, 8 per cent, alcohol-soluble nitrogen, and 0.1 per cent, benzene- 
soluble nitrogen. The composition of the insoluble nitrogen of the wood, 
like that o£ the bark, is rather constant, except that from June to August, 
1928, there was a marked fall in amino nitrogen and a rise in melanin nitro¬ 
gen. There is a tendency for rest nitrogen to rise after active growth stops. 

When compared with bark, wood seems to be especially rich in alcohol- 
soluble and rest nitrogen and poorer in basic nitrogen. 

University op California, 

Berkeley, California. 
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Fig. 2. Seasonal changes in composition of the insoluble nitrogen fraction in the 
wood of the current year's shoots of Bartlett pear. 
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CHLOROSIS OP TREES 1 
Edmund Burke 
(with one figure) 

Introduction 

Chlorosis is a condition of the leaf in which chlorophyll fails to develop 
normally. Bourcart (1) states that this pathological condition is known 
as jaundice when caused by want or excess of water, and chlorosis when it 
is due to lack of iron or potash. An excess of carbonate of lime in the soil, 
insufficient nourishment, defective condition of the roots, a pathological con¬ 
dition of the whole tree, are some of the many causes which may produce 
chlorosis. When due to lack of iron, chlorosis has some analogy to the 
anemia of man. 

Much has been published on the causes and treatment of chlorosis. No 
attempt is made to cite all the literature published, but a few citations are 
given to indicate the extent of its occurrence, and its treatment. 

Bourcart (1) states that an excess of carbonate of lime is the predomi¬ 
nating cause of chlorosis of trees with seed pips, such as the pear, and more 
especially of the vine. He recommends green vitriol for both trees and 
vineyards. Kelley (7) found that an excess of manganese in the soil was 
responsible for the chlorotic condition of pineapples, as well as some other 
plants in Hawaii. Johnson (6) confirmed Kelley's finding and found 
that chlorotic pineapples were restored to normality by spraying with an 
iron sulphate solution. 

Wallace and Mann (8) found considerable difference in the chemical 
composition of the ash of chlorotic and normal fruit trees. The percentage 
of ash in the dry matter, with one exception, was higher in the chlorotic 
than in the normal leaves. 

The Chemistry Department of the Idaho Agricultural Experiment 
Station (5) associates the chlorosis of trees and shrubs with high calcium 
carbonate soils even though a considerable amount of iron is present. 
Giles (3) found that the chlorosis of pineapples in Porto Rico was the re¬ 
sult of malnutrition, caused by an excessive amount of calcium carbonate 
in the soil. Giles and Carrero ( 4 ) report that chlorotic rice plants may 
be restored to their normal color by spraying with ferrous sulphate. 

Burgess and Pohlman (2), in studying the cause of citrus chlorosis, 
found that improper irrigation was a factor. Spraying the trees with an 
iron salt solution did not give beneficial results. 

i Contribution from Montana State College, Agricultural Experiment Station, Paper 
no. 14, Journal series. 
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It is evident, from the literature cited, that numerous plants become 
chlorotic when grown in soils high in calcium carbonate, or manganese, or 
when improperly irrigated. 

The first investigation of chlorosis at the Montana Station dates back to 
the spring of 1908, at which time the Departments of Chemistry and Botany 
treated a chlorotic cottonwood tree, growing on the College campus, with a 
0.25 per cent, solution of ferrous sulphate. The tree was about ten inches 
in diameter and four liters of the iron solution were injected into the trunk. 
Improvement was rapid and the tree had fully recovered by the following 
spring. Since that time several cottonwood trees have been treated w T ith a 
solution of ferrous sulphate with equally good results. A slight burning of 
the leaves occurred w r hen a 0.5 per cent, solution was used and as much as 
four liters applied to trees eight to ten inches in diameter. 

An investigation of apple trees was started in 1914 when the writer’s 
attention was called to a condition affecting the orchards in certain sections 
of the Bitter Root Valley, the fruit section of the State. At the time of 
inspection the trees were making poor growth and the leaves were small 
and yellowish in color. It was found, on taking soil samples near the trees 
showing abnormal conditions, that the subsoil consisted quite largely of 
sand and gravel of various sizes cemented together by calcium carbonate. 
It w r as almost impossible to go through this formation with a pick or a 
crowbar. The average analyses of several samples gave the following re¬ 
sults: First foot, nitrogen, 0.095 per cent., calcium 8.05 per cent., phos¬ 
phorus 0.105 per cent., and potassium 0.29 per cent.; second foot, nitrogen 
0.057 per cent., calcium 14.62 per cent., phosphorus 0.083 per cent., potas¬ 
sium 0.20 per cent., and iron 0.35 per cent. 

The analyses indicate that the soil w r as fairly well supplied with nitrogen 
and phosphorus, with an abnormally large supply of calcium and a rather 
low amount of potassium. The percentage of iron w r as considerably less 
than is found in fertile soils of the state. 

No further investigation w r as made until the fall of 1922, when our at¬ 
tention was again called to this trouble by the State Horticulturist, who 
pointed out that chlorosis in the Bitter Root Valley might prove as injurious 
to that fruit section as had the fruit-tree leaf-roller, which had just made its 
appearance and was doing considerable damage. It was found that the 
greatest injury was occurring in a high-lime soil area. 

In the orchard selected for conducting the experiments many of the 
trees were not only failing to make normal growth, but several were dead. 
The leaves on the chlorotic trees w f ere small and yellow, and the trees had 
made little or no growth. The poor condition of the trees had been at¬ 
tributed by some people to high water-table and a water-logged condition, 
while others thought it was the result of too much alkali in the soil. How t - 
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ever, a hole dug five feet deep near a chlorotic tree failed to reach the water- 
table and an analysis of the soil revealed the presence of very little alkali 
salts, not enough to cause tree injury. An average analysis of the second 
foot of soil showed a calcium content of 14.53 per cent, and 1.0 per cent, of 
iron. The samples were not analyzed for nitrogen, phosphorus, and potas¬ 
sium, since we believed that they would not vary materially from the 
analyses given. 

An inspection of this orchard, made a few days after it had been irri¬ 
gated, showed an apparent water-table at a depth ranging from two to three 
feet. This condition, while only temporary, undoubtedly had the effect of 
decreasing the supply of available nitrogen, which ivould result in lighten¬ 
ing the color of the leaves. 


Treatment of trees 

After making a study of the soil and trees it was decided that the 
chlorotic condition was probably caused by too much lime in the soil, and 
that treatment with iron should prove beneficial. The first treatments were 
made in August, 1922, when 500 cc. of a 0.25 per cent, solution of ferrous 
sulphate were injected into each of two trees with yellow leaves that had 
failed to make a normal growth. A hole, one-fourth inch in diameter, was 
bored into the sap wood of the trunk of the tree, into which an L-shaped 
gas pipe was fitted. One end of a rubber tube was slipped over the end 
of the gas pipe and the other end was attached to a wide-mouthed bottle con¬ 
taining iron sulphate solution. The bottle was inverted and hung to a 
branch of the tree about four feet above the gas pipe in the trunk. To 
admit air into the bottle a U-shaped glass tube was used, one end being 
pushed through a rubber stopper to the bottom of the bottle and the other 
end projecting to a little above the bottom on the outside. By this method 
the iron solution was injected into the tree. Two other trees were treated 
by digging a circular trench about one foot deep and four feet from the 
trunk. Five pounds of ferrous sulphate were scattered in the trench, after 
which it was covered with earth and watered. Another set of two trees 
was sprayed with a 0.5 per cent, solution of ferrous sulphate. Several 
other trees showing a decidedly chlorotic condition were treated with a 
complete fertilizer to determine if a lack of plant food might be the cause. 

Results 

An inspection made in the fall showed that neither the soil application 
nor the spray treatment had improved the chlorotic condition of the trees. 
The injection of ferrous sulphate had only slightly improved the color of 
the leaves formed at the time of treatment, but the leaves which had formed 
after treatment were of a green color and normal in appearance. Figure 1 
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gives a fair idea of the difference in the appearance of the leaves before and 
after treatment. The upper three leaves were formed after treatment. 



Fia. 1. Leaves of apple, showing recovery from chlorosis. The Tipper three leaves 
produced after treatment. 

An inspection made the following June showed no beneficial effect from 
the spray, soil or fertilizer treatment, while the two trees into which ferrous 
sulphate had been injected were normal in appearance and remained so. 

From these results it was evident that a solution of ferrous sulphate 
injected into a tree would restore the leaves to their normal color. Another 
test was undertaken in May, 1924, when twelve trees with yellow leaves 
were treated with ferrous sulphate or ferric nitrate. In some cases the iron 
salts were injected into the trunk of the tree for the purpose of restoring 
the whole tree to normal condition, while in other instances, the injection 
was made into one branch of the tree so that a comparison could be made 
between the color of the leaves on the treated and the untreated branches. 
In addition to injecting an iron solution into the tree, a one-half inch hole, 
sloping downward, was bored into the tree and either ferrous sulphate or 
ferric nitrate salts inserted and water added until the salts were dissolved. 
Another yet simpler method of supplying the iron, one that any orchardist 
could use, was also tried, viz., driving iron nails into the trees. Heavy 
finishing nails, about one to one and one-fourth inches long, were used for 
this purpose. Care was used in driving the nails into the tree to avoid 
injuring the bark, and a nail-set was used to drive the nails so that the heads 
would be completely under the bark. In the case of branches some eight 
or ten nails were driven in. Where the nails were driven into the trunk 
as many as fifteen or twenty were used. The nails did not give as rapid 



TABLE I 

Condition of thees, treatment and results 


h i 

H § Condition op tree 

Treatment 

Results 

1. All leaves were yel- 

Worst branch treated with 2 

Borne improvement dur- 

low, general condi¬ 
tion bad . 

gm. Fe(N0 8 ) 3 crystals 

ing summer. Following 
year the leaves were all 
yellow. Tree pulled 

2. Leaves were yellow 

2 gm. FeS0 4 crystals put into 
hole in trunk 

Becovery was complete 

3. Leaves were yellow 

3 gm. Fe(N0 3 ) 3 crystals put 
into hole in trunk 

Becovery was complete 

4. Decidedly chlorotic 

Worst branch treated with 3 
gm. Fe(NO*) a crystals 

Branch recovered, remain¬ 
der of tree remained 
chlorotic 

5. Part of the leaves 
were yellow 

30 cc. of 12.5 per cent, solu- j 
tion of Fe(N0 3 ) 8 injected 
into trunk 

Recovery was complete 

6. Decidedly chlorotic 

5 gm. FeS0 4 crystals put into 1 
one branch. One year later, 
iron nails were driven into 
trunk 

Treated branch recovered 
first. Last inspection 
found an almost com¬ 
plete recovery 

7. Decidedly chlorotic 

Worst branch treated with 3 
gm. FeS0 4 crystals. One 
year later iron nails driven 
into trunk 

Treated branch recovered 
first. Balance of the 
tree recovered slowly, 
but completely 

8. Decidedly chlorotic 

500 cc. 0.25 per cent, solution 

Slight improvement the 

of Fe(NO a ) 3 injected into 
one branch. One year later 
iron nails driven into trunk 

first year. Last in¬ 
spection found the tree 
still chlorotic 

9. Worst physical condi¬ 

First, 5 lb. FeS0 4 , second, 

Slow, but complete re¬ 

tion of any of the 
trees treated 

500 cc. 0.25 per cent, solu¬ 
tion FcS 0 4 injected into 
one branch. Third, com¬ 
plete fertilizer added to 
soil. Fourth, 5 gm. FeS0 4 
crystals put into hole in 
trunk. Fifth, iron nails 
driven into trunk 

covery 

10. Decidedly chlorotic 

500 cc. 0.25 per cent, solution 
of FeSO, injected into one 
branch. One year later, 
iron nails driven into 
trunk 

Becovery was complete 

11. All leaves were yellow 

2 gm. FeS0 4 crystals put into 
trunk 

Becovery was complete 

12. All leaves were yellow 

500 cc. 0.25 per cent, solu¬ 
tion of FeS0 4 injected into 
one branch 

Leaves on treated branch 
became normal, those on 
remaining branches re¬ 
mained chlorotic 
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action as when the iron was put into the tree in solution, yet the final 
results were as satisfactory. The accompanying table describes the con¬ 
dition of each tree at the time of treatment, May 20, 1924, the kind of 
treatment and the results obtained. 

In addition to the trees described in the table, four trees were selected 
for treatment with iron nails only. On June 1, 1925, iron nails were driven 
into the trunks of the trees. The leaves on all of the trees were yellow at 
the time of treatment. A slight improvement was noted when inspected 
on August 18, 1926. On June 21, 1927, when last inspected, recovery 
was complete. 

Summary 

Cottonwood trees are susceptible to chlorosis, which can be overcome by 
treatment with iron salts. 

Apple trees grown in high lime soils are subject to chlorosis. The lime 
evidently prevents the iron in the soil from becoming available. The fact 
that, in most eases, iron salts restored trees to normality indicates a lack 
of available iron in the soil. 

Spraying with a 0.5 per cent, solution of ferrous sulphate, or applying 
ferrous sulphate to the soil, did not improve the chlorotic condition of the 
trees. 

Treatment internally with iron salts, both as dilute solutions and as 
solid salts, gave beneficial results. 

Iron nails driven into the trunks of four trees gave beneficial results. 
The recovery of chlorotic trees treated with iron nails was not so rapid as 
when treated with iron salts, although it seemed to be as effective. The ease 
of application should appeal to orcliardists. 

Montana Agricultural Experiment Station, 

Bozeman, Montana. 
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SIERGEI PAVLOVITCH KOSTYTCHEY 
(with one plate and one figure) 

On August 31, 1931, there died in Crimea, Russia, the prominent plant 
physiologist, S. P. Kostytchev. His death came as a shock to his friends 
abroad, especially to those, who attended in 1930 the Second International 
Soil Science Congress and who have learned to know personally .fhte 
brilliant, investigator. 

Kostytchev was born in St. Petersburg in 1877, the son Of a Professor, 
a prominent soil scientist. In 1896 he entered the local University, special¬ 
izing in botany and especially in plant physiology, under D. I. Ivanovski. 
Upon graduation in 1900, he left for Western Europe, studying plant 
chemistry with E. Sciiulze in Ziirich and with A. Kossel in Heidelberg. 
On his return to Russia in 1903, he became attracted by the brilliant inves¬ 
tigations of V. 1. Palladin, on plant respiration, and became the outstand¬ 
ing representative of Palladin’s school in Russia. His Master’s thesis in 
1907 dealt with “Investigations on the anaerobic respiration of plants,” 
and his Doctor’s thesis in 1910 on “Physiologo-cliemical investigations of 
plant respiration. ’ ’ He was at first assistant in the Academy of Medicine 
in St. Petersburg; in 1910 he was appointed professor at the Technological 
Institute and in 1914 professor of plant physiology at the University. In 
1923 he was elected a member of the Russian Academy of Sciences. 

He is best known for his investigations on the role of anaerobic proc¬ 
esses in normal respiration. During the germination of peas, in the ab¬ 
sence of oxygen, alcohol was accumulated, while the products of incomplete 
fermentation of sugar by yeasts added to wheat seedlings were completely 
oxidized to C0 2 . His later work was centered primarily upon the mecha¬ 
nism of alcoholie fermentation, especially the intermediary fermentation 
products during the last stages of the process, and the role of acetaldehyde 
in this process. His investigations of carbon assimilation by different 
types of plants as influenced by environmental conditions, of the role of 
zymase in alcoholic fermentation, of the relation of fermentation to respi¬ 
ration in yeasts and filamentous fungi, of the mechanism of nitrogen assimi¬ 
lation by fungi, and of the formation of ammonia in the process of nitrogen 
fixation by Aeotobacter, have contributed materially to the advance of our 
knowledge of the physiology of higher plants and lower organisms. More 
recently, Kostytchev was placed in charge of the Division of Agricultural 
Microbiology at the Institute of Experimental Agronomy and later was 
made the chief of a new Institute of Microbiology of the Lenin Agricultural 
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Fig. 1. A group of investigators interested in the role of micro-organisms in soil 
processes and plant growth at the meeting of the Third Commission of the International 
Congress of Soil Science at Stockholm in 1929. 


Academy, where lie surrounded himself with a considerable number of 
young investigators, working on numerous problems in the field of agri¬ 
cultural microbiology. 

He is best known in this country for his books on “Plant respiration** 
and “Plant physiology.** He took an active part in organizing the pro¬ 
gram and the meetings of the Third Commission on Soil Microbiology in 
1929, in Stockholm, and of the Second International Soil Science Congress 
in 1930, in Leningrad and Moscow. As Vice-President of this commission, 
he contributed greatly to making the meetings successful. His knowledge 
of foreign languages, his charming personality, his deep interest in his 
work, made him beloved and respected by all who came in contact with 
him.— Selman A. Waksman, New Jersey Ayr. Exp. StaNew Brunswick, 
N. J. 
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SOME PHOTOPERIODIC AND TEMPERATURE RESPONSES 

OP THE RADISH 

(with one figure) 

In connection with their studies on photoperiodism, Garner and Allard 
(2) pointed out that the formation of tubers commonly results from exces¬ 
sively short days. The present brief experiment was performed to detect 
what influences, if any, temperature as well as length of day exerts upon 
the development of\the Storage organ of the radish. 

Seeds of the radish, Raphanus sativus, of the Earliest Carmine Turnip 
variety, were planted in four pots on June 29, 1931. They were placed 
under the four following conditions: 25° C. and long day, 25° C. and short 
day, 15.5° C. and long day, 15.5° C. and short day. The temperatures were 
maintained in controlled glass chambers. The long day was the natural 
day length, about 15 hours. The short day was 7.5 hours (9 a. m. to 4: 30 
p. M.), the pots being covered with cardboard boxes the rest of the time. 
Since the temperature within the boxes did not rise more than 1.5° above 
the temperature without, the difference was considered negligible. 

The percentage of thickened hypocotyls at low temperature was approxi¬ 
mately the same under the two light conditions after about five weeks, but 
those with, the shorter day length were more uniform and slightly smaller. 

At the higher temperature the results were different: there were fewer 
thickened hypocotyls under short-day conditions than under long-day con¬ 
ditions. It was striking that while thickening was good with both light 
periods at low temperature, it was very poor with both light periods at high 
temperature. In the latter case the hypocotyl tended to assume a pro¬ 
cumbent position; also the foliage was larger than at low temperature. It 
is pointed out by Garner and Allard (3) that short-day illumination 
checks vegetative growth and causes an increase in tuber formation. From 
the present results it would seem that temperature must also be taken into 
account. 

Microekomical tests (1) at the end of the day (4: 30 p. m.) showed that 
all the thickened hypocotyls contained a little fructose and a great abun¬ 
dance of glucose (Feliling \s solution). This is in accordance with Night¬ 
ingale’s report ( 4 ) that the radish stores sugars, not starch, in the storage 
organ* The small thickened hypocotyls, however, grown at high tempera¬ 
ture and with a long day, showed an abundance of very small starch grains 
in the parenchymatous tissues (iodine potassium iodide). Riolle (5) 
reports that some varieties of radishes, especially Chinese ones, may contain 
a considerable amount of starch; but she also reports that very few French 
and Japanese varieties ever contain any starch, and then only very little. 
So it would appear here that a variety which does not form starch under 
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Fig. 1. Badishes grown under short-day conditions: above, low temperature; below, 
high temperature. 
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ordinary circumstances does do so under certain extreme conditions. May 
not this unexpected and unusual condition indicate that temperature, at 
least beyond the range normal for the radish, influences the form in which 
the carbohydrates are stored? 

This experiment was kindly suggested by Dr. H. E. Hayward and 
guided with constant interest by Dr. C. A. Shull.—Thora M. Putt, Uni¬ 
versity of Chicago. 
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TOXICITY OF ROOT EXCRETIONS 
(with one figure) 

From ancient times the belief has persisted that certain species of plants 
may give off through their roots excretions which are toxic to the roots of 
other plants. Although the evidence for this idea has never been very 
strong, it has been kept alive in the literature by occasional observations 
and investigation of alleged eases of the phenomenon. Pickering V 
studies of the influence of grass roots upon the behavior of the apple are 
well known. The discovery of dihydroxystearie acid in wheat-sick soils 
was at one time interpreted as a case of toxic excretion. More recently 
Fletcher 8 reported the extreme sensitivity of Sesamum indicum to the 
root excretions of Andropogon sorghum (Sorghum vulgare), and Sewell 8 

1 Pickering, S. XL The effect of grass on apple trees. Jour. Roy. Agr. Soc. 
England 64: 365-376. 1903. 

-and Duke or Bedford. Effect of one crop upon another. Jour. Agr. 

Sci. 6: 136-151. 1914. 

2 Fletcher, P. Toxic excreta of plants. Jour. Agr. Sci. 4: 245-247. 1912, 

3 Sewell, M. C. Effect of Andropogon sorghum on succeeding crops of Tritiaum 

sativum vulgare . Bot. Gaz. 75: 1-26. 1923. 
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found that the roots of A. sorghum injured succeeding crops of wheat. He 
was able to obtain an extract from the soil in which the Sorghum was 
growing which was toxic to the wheat plant if the extract were prevented 
from becoming oxidized. 

In some of these cases the alleged toxicity has been reinterpreted in 
terms of competition of root systems for nutrients such as nitrogen in the 
soil; in others, the toxicity can be interpreted in terms of the products of 
root decay in the soil. The case of Sesamum indicum mentioned by 
Fletcher seemed very extraordinary. His photographs indicate a pro¬ 
found effect upon the growth of Sesamum, and he concludes that Sesamum 
cannot grow to maturity within 20 inches of A. sorghum . It is practically 
certain that not all of the influential factors were under control in 
Fletcher's field tests, if indeed any of them were. But the stunted growth 
was so remarkable that the writer had long desired to see the results of the 
Sorghum root excretions upon the Sesamum plant. The opportunity to 
make such studies was not presented until very recently. Through the 
courtesy of Prof. G. S. Kulkarni, and Prof. V. G. Gokhale, of the Agri¬ 
cultural College, Poona, India, seeds of five varieties of the Indian jowar 
( S. vulgare ) were obtained (Bedari, Fulgar, Gidgap, Maldandi, and Perio), 
as well as seeds of both the white- and black-seeded varieties of Sesamum 
indicum. 

These seeds were first grown in pot cultures in the greenhouses of the 
Oregon State College 4 during the spring of 1931. Each of the varieties of 
Sorghum, and the two varieties of Sesamum, were grown alone as controls. 
There were five experimental cultures in which each variety of Sorghum 
was grown along with black sesame, and five in which white sesame accom¬ 
panied the sorghums. 

The soil used was a light sandy mixture which proved to be too light 
for very vigorous growth, but in every case the variety of Sorghum grew 
in association with the Sesamum plants without causing any apparent 
injury to the latter. At the end of about nine weeks the pots were examined 
for root growth. It was found that the roots of the Sorghum and Sesamum 
plants were growing together most intimately, without the slightest sign of 
abnormality of root development in the Sesamum. There was nothing to 
suggest any toxic action on the part of the A. sorghum roots. 

After returning to the University of Chicago, a bed of Sorghum and 
Sesamum was planted about July 1, 1931, in one of the ground-level beds 
of the Botany greenhouses. Five rows of sorghum, one of each variety, 
were planted about 16 inches apart, running north and south. Between 
each two rows of Sorghum w r as planted a row of Sesamum indicum, white 

* 1 am indebted to Professor H. P. Barss and Dr. W. M. Atwood, and to the 
Administrative Officers of the Oregon State College, for many courtesies extended to 
me in connection with this and other problems. 
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or black, two rows of each being used. These were planted thus about 8 
inches from the sorghums. The seeds germinated very promptly and the 
plants grew luxuriantly in the closest association. Figure 1 shows a photo- 



Fig. 1. Three Indian varieties of A. sorghum, Gidgap, Fulgar, and Bedari, with 
S. indieu m, black-seeded, growing between them. 


graph of the plants when about half grown. There were no indications of 
toxicity of the roots of A. sorghum (S. vulgare) for the roots of Sesamum 
indicum. The plants continued to grow until they reached the blooming 
stage together, during the first \reek in October. Plants of both species 
were blossoming normally within 8 inches of each other. The sorghums at 
their best were over 3 meters tall, and the sesame plants more than a meter 
tall. It was necessary to thin the sorghums to prevent shading of the 
sesame plants, and to remedy lodging of the sorghums from low light 
intensity which was aggravated by the thick planting. 

The results failed entirely to confirm the alleged toxicity of the sorghums 
for S. indicum . Whatever the behavior of these plants may be under the 
usual cultural conditions, and the edaphie and climatic conditions of India, 
in these greenhouse experiments there was no evidence of the toxicity of 
root excretions of A . sorghum . The results obtained tend to make one 
skeptical as to the reality of toxic root excretions emanating from the root 
systems of living plants. The burden of proof should surely rest with those 
who make the claim that such toxic excretions exist.— Charles A. Shull, 
University of Chicago . 











NOTES 


New Orleans Meeting. —The eighth annual meeting of the American 
Society of Plant Physiologists was held at New Orleans from December 29, 
1931, to January 1, 1932. It was well attended, and was one of the most 
satisfactory meetings in the history of the organization. Joint meetings 
w r ere held with the horticulturists, and with Section G of the A. A. A. S. 
The program committee had arranged the papers with some reference to 
the subject-matter, and large attendance was the rule. About sixty mem* 
bers and friends of the Society were present at the banquet. The occasion 
was one of delightful fellowship, and maintained the tradition that the 
plant physiologists have one of the most attractive social events of the 
meetings. 

Many matters of business were considered, and some important decisions 
were made, which will concern the future welfare of the Society. A few of 
the most important matters are reported briefly in this number of Plant 
Physiology. 

Incorporation.—The Committee on Incorporation, Dr. Walter Thomas, 
chairman; Dr. Burton E. Livingston, and Dr. J. B. Overton, reported 
the results of the investigation of the advantages and disadvantages of 
incorporation of scientific societies. Weighing the matter carefully, the 
committee recommended incorporation either under the laws of the state 
of Wisconsin, or under those of the District of Columbia. After discussion, 
it was voted by the Society to incorporate, preferably under the laws of the 
District of Columbia. This change in legal status will prove advantageous 
in several ways. It will no doubt make it simpler to accept and administer 
bequests. It will also relieve the individual members of the Society from 
financial responsibility for the corporation’s debts, if it should have any. 
Moreover, it will be conducive to stability and permanence of organization. 
The officers of the Society, authorized to take this step, will proceed at 
once with the legal steps necessary to incorporation. 

Editorial Assistance. —The Society voted funds for an assistant to the 
editor of Plant Physiology. This action is very much appreciated in 
the editorial office. The journal has almost doubled in size since its initial 
volume, and the assistance provided will lighten the burden very materially. 
A very capable assistant has been secured, with arrangements which we 
hope may be permanently satisfactory. With this help it should be pos¬ 
sible in the immediate future to begin issuing the journal during the 
month for which is it dated. 
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Secretarial Office. —Expenses of the Secretary’s office tend to exceed 
the amount allowed under the constitution. As the Society has accumu¬ 
lated reserve funds which are unassigned to other purposes, it was voted 
to allow a limited use of interest from such unassigned funds to supple¬ 
ment the current income from membership fees. The largest drain on the 
Secretary’s funds is the International Address list, which of course should 
be issued at about five-year intervals. Publication of the membership list 
might be made a biennial matter instead of annual, without very serious 
loss in efficiency. 

Life Membership Award. —The seventh award of the Charles Reid 
Barnes life membership in the Society was announced at the annual dinner 
on January 1. The announcement was made by Dr. R. II. Carr, chairman 
of the committee, and the member honored is Dr. Charles Orville Apple- 
man, of the University of Maryland. 

Dr. Appleman was born at Millville, Pa., December 6, 1878. He holds 
degrees from the Bloomsburg (Pa.) State Normal School, Dickinson Col¬ 
lege, and The University of Chicago (Ph.D., 1910). He was Professor of 
Biology at Lombard College, 1904-1908, and in 1910 was appointed plant 
physiologist in the Maryland Agricultural Experiment Station. Since 
1917 he has been Professor of Plant Physiology and Biochemistry in the 
University of Maryland, and Dean of the Graduate School. He now heads 
the Department of Botany in the institution he has served so faithfully. 

An incident brought out in Dr. Appleman ’s response to the award is 
the fact that he was a member of the anxious group of students who waited 
in vain for a lecture at the time of Dr. Barnes’s fatal accident. It is very 
fitting that the most distinguished member of that group has been added to 
the roll of life members who form a living memorial to Barnes, who is 
remembered by all who knew him, as a great teacher, a cordial friend, and 
a keen critic in the field of plant physiology. 

Stephen Hales Prize. —The third Stephen Hales Prize is to be awarded 
at the ninth annual meeting of the Society at Atlantic City, New Jersey, in 
1932. The committee in charge of the selection consists of the following 
members: Dr. A. L. Bakke, chairman; Dr. D. R. Hoagland, and Dr. W. 
W. Garner. The award is made every second year to some investigator 
in North America who has done work considered by the committee to be 
worthy of this honor. Announcement of the award is made at the annual 
dinner. 

Summer Meeting. —A program of unusual interest is being arranged 
for the summer meeting of the American Society of Plant Physiologists, 
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which is to be held at the University of Wisconsin, Madison, on July 11, 
12, and 13, 1932. This meeting will occur jointly with that of the Corn 
Belt Section of the American Society of Agronomy. The program will 
be built around the environmental relations of plants from the view-point 
of biochemists, physiologists, agronomists, pathologists, and bacteriologists. 
It is proposed to confine the discussion of the first few sessions to a number 
of subjects of basic interest which will permit the utilization of the more 
significant examples of field, greenhouse, and laboratory work as illus¬ 
trative material for presenting principles and technique. On the last day 
a field trip is being arranged to visit the outlying experimental areas in 
Wisconsin which represent a wide range of environmental conditions. The 
local representative of the Society for this meeting at the University of 
Wisconsin, is Dr. L. F. Gkaber, of the Agronomy Department at Wisconsin. 

Accommodations at Madison.—Members attending the summer meet¬ 
ing in July may be able to secure accommodations at the University of 
Wisconsin dormitories at $1.50 per day, with meals at 20 to 60 cents. The 
principal hotels and their rates are as follows: 

Single Double 

Loraine Hotel, 123 West Washington Ave., $2.00-^3.00 up, $3.00-$5.00 
New Park Hotel, 22 S. Carroll St. . . 1.50- 2.00 2.50- 3.00 

Belmont Hotel, 31 N. Pinckney .. 2.00- 2.50 3.50- 4.00 

Cardinal Hotel, 416 E. Wilson . ... 1.50- 2.00 2.00- 2.50 

Summer Meeting, A. A. A. S.—The summer meeting of the American 
Association for the Advancement of Science is to be held at Syracuse dur¬ 
ing the week beginning June 20th. 1932. These summer meetings provide 
most pleasant features, and the Finger Lake region is enticingly beautiful. 
The American Society of Plant Physiologists has made no plans to partici¬ 
pate in this meeting, since the meeting at Madison had been arranged 
before the Syracuse meeting was announced. Members of the Society in 
the surrounding territory may find it possible to participate in a local way. 
Notices as to fares, accommodations, etc., may be obtained from Science. 

Portraits.—We are greatly indebted to Dr. G. J. Peirce, of Stanford 
University, for the privilege of using the portrait of Sachs published in the 
January number of Plant Physiology. The photographs of the Labora¬ 
tory at Wurzburg, one of which, with Sachs seated in his work room is 
published in this issue, have been secured through the efforts of Dr. F. 
M. Andrews, chairman of the Memorial Committee, and Dr. R. B. Harvey. 
The frontispiece in this issue was sent to Prof. Andrews by Dr. Burgeff, 
of the Botanical Institute, Wurzburg. 
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The portraits which have been published in Plant Physiology will be 
furnished while they last, at 10 cents each, with 15 cents additional for 
postage, packing and exchange. This is at the rate of $1.45 for 13, $1.55 
for 14, etc. Broken lots can be ordered at the same rate provided the 
charge for postage, etc., is included. 

Chemical Methods.—There are still a few sets of the pamphlets pub¬ 
lished by the Committee on Chemical Methods available to plant physi¬ 
ologists who would like to own a set for personal use. They can be obtained 
from Dr. W. E. Tottingham, President of the Society, at the University 
of Wisconsin. 

Program Committee.—The Program Committee for the Atlantic City 
meeting has been appointed by President Tottingham, and consists of the 
following members: Dr. John W. Shive, New Jersey Agricultural Experi¬ 
ment Station, chairman; Dr. George H. Dungan, University of Illinois; 
Dr. Mary E. Reid, Washington, D. C.; Dr. C. O. Appleman, University of 
Maryland; and Dr. Raymond Kienholz, Connecticut Agricultural Experi¬ 
ment Station. The committee members will appreciate the cooperation of 
all other members in arranging for this meeting. Special Sachs programs 
are being planned as a part of the celebration of his centennial. The 
Memorial Committee is represented in the Program Committee in order to 
facilitate cooperation between the committees. 

Agricultural Biochemistry.—A new work in this field has been pub¬ 
lished by John Wiley and Sons, New York. The authors are Professor R. 
A. Dutcher, and Professor D. E. Haley, of the Department of Agricul¬ 
tural and Biological Chemistry, Pennsylvania State College. 

The material is presented in three parts. Part I is general and intro¬ 
ductory, giving a history of the rise of agricultural chemistry, the chem¬ 
istry of protoplasm, the properties and classification of the carbohydrates, 
lipides, and proteins. There is also a chapter on the physical state of 
matter, which includes the properties of solutions, nature of membranes, 
H-ion concentration, buffers, colloids, adsorption, etc., and a chapter on 
enzymes. 

Part II considers the plant, germination, mineral nutrition, fertilizers 
and other soil factors, insecticides, and the formation and utilization of 
organic compounds. Part III deals with the animal foods, digestion, 
metabolism of tissues, protein quality, vitamins, etc. 

The book is simple enough to serve as an introduction, and, in addition 
to covering the field, contains a summary of the valuable work done at the 
Pennsylvania State College on plant and animal nutrition. These dis- 
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tinctive features will be much appreciated by users of the work. It will 
be welcomed as a text suited to the student beginning his interest in bio¬ 
chemistry. The book is priced at $4.50 by the publishers. 

Principles of Soil Microbiology.—The second edition of this splendid 
work by Dr. S. A. Waksman, of the New Jersey Agricultural Experiment 
Station, has been published by the Williams and Wilkins Co., Baltimore, 
Maryland. It has been carefully revised, some chapters rewritten, and 
other chapters added which tie the work more closely to the field of plant 
nutrition. Some condensation and omission of material has permitted a 
book of about the same size as the original edition in 1927. The work has 
gained in value with the revision, and is the outstanding contribution in the 
field of soil microbiology. It is an indispensable reference work for the 
bacteriologist, soil scientist, and plant physiologist. The price is $10.00, 
the same as the first edition. 
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JULY, 1932 

EFFECTS OF THE PHYSICAL ENVIRONMENT ON THE 
PHYSICO-CHEMICAL PROPERTIES OF PLANT SAPS, 

AND THE RELATION OF THESE PROPERTIES 
TO LEAF TEMPERATURE 1 

Glenn A. Greathouse 
(with seven figures) 

I. Introduction 

The importance of studies on the physico-chemical properties of ex¬ 
pressed plant saps, as indices of physiological and ecological relationships, 
has long been recognized. Such studies have been confined for the most 
part to the measurement of osmotic pressure, electrical conductivity, and 
more recently, the percentage of bound water in the expressed sap. 

This investigation deals with certain physico-chemical properties of 
expressed plant saps as influenced by age of plant, soil moisture, and the con¬ 
centration of salts in the soil. The relationship between osmotic pressure 
of the cell sap and leaf temperature was also studied. 

II. Literature review 

That physico-chemical properties of cell sap in plants are receiving much 
attention among scientific investigators is evidenced by the volume of litera¬ 
ture appearing on this subject. Among the contributions are some excellent 
and comprehensive reviews (20, 35, 41, 45). It will therefore be unneces¬ 
sary here to do more than develop a general view-point of the problem, in¬ 
cluding only those aspects which have been touched upon in this investigation. 

Meyer (41), Gortner (20), and Sayre and Morris (53) have given a 
comprehensive review of the methods employed in the extraction of plant 
saps. 

Harris and co-workers (26, 20) and many others have made extensive 
use of the method of depression of the freezing point in studies of plant 

iThis investigation was begun at the University of Illinois, and continued at Duke 
University. 
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distribution, development, and tlieir relationships to the physical environ¬ 
ment. Korstian (35), Reed (51), Gail (17), Harris and co-workers (20), 
and othersjhave shown that soil moisture has an obvious effect upon cell- 
sap concentration. The addition of water to the soil usually diminished 
the concentration of the plant sap. 

Harris and co-workers (25, 26), Walter (55), Cavara (6), and others 
have studied the effect of salt concentration in the soil upon the physico¬ 
chemical properties of the plant sap. Cavara reported cryoscopic deter¬ 
minations on saps of high concentration, and in 1905 gave results in full for 
a considerable series of determinations. His maximum values were found 
in the sap of halophytes which grew in localities where the concentration of 
the soil solution increased with the advance of the season. He found freez¬ 
ing-point depressions of 7.25° to 8.50° in Halocnemum slrobilaceum , and 
7.48° in Salicornia frutieosa. His determinations were made on sap ex¬ 
tracted without previous treatments of freezing, which is necessary to ren¬ 
der the tissues permeable, and which has been shown to be essential by 
Dixon and Atkins (9) and others. Atkins has already pointed out that 
these are probably submaximum, because of incomplete extraction. 

In 1920, Harris and co-workers found in an alkaline area in Utah a 
plant, Atriplex nuttallii, the sap of which had a depression of the freezing- 
point of 14.4° C., which is equivalent to an osmotic pressure of approxi¬ 
mately 173 atmospheres. According to Gortner (20), Harris observed a 
slightly greater depression than this in the sap of A. confertifolia. It is 
obvious that the salt concentration of soil in which plants naturally grow is 
of great physiological and ecological importance. 

A number of investigators have shown that the concentration of tissue 
fluids of a given species is not constant at all times, and that there exists a 
gradient within the shoot of an individual plant. Probably the first to give 
exact data on this phenomenon were Dixon and Atkins (9). While 
working with untreated leaves of Fraxinus excelsior, Vitis I'eitchii, and 
Magnolia acuminata, they found a slightly greater depression of the freez¬ 
ing-point for sap from the more distantly placed leaves. However, the 
osmotic pressure of the sap from leaves at the same level, but at different 
times and under different conditions, did not correspond by any means; yet 
it was usually higher than that of the leaves at a lower level. Harris and 
co-workers (24) used the method of pre-freezing in ice-salt mixture. Their 
results on the depression of the freezing point are similar to those of Dixon 
and Atkins, but they found that the relative concentration of electrolytes 
decreased from the lower to the higher levels, which they believe is due to 
increased photosynthesis in the upper regions of the tree rather than to the 
concentration of salts from the soil solution by increased transpiration. 
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Other workers have observed higher concentrations in the sap of 
leaves or stems near the apex. Reed (51) found that the concentration of 
the sap in the apical portion of a stem was greater than that in the basal 
region. His data show a greater tendency toward fluctuation in the stem 
than in the leaf. Hurd-Karrer (30) states that the specific gravity of the 
sap extracted from the internodes of corn stalks was higher toward the top 
of the plant. Fernald (15), working wdth Philadelphus and privet, noted 
irregularities for the cell-sap concentration of leaves toward the tip of 
branches. In two cases a marked drop in the sap concentration of the 
uppermost leaves was shown. Korstian (35) reported the sap concentra¬ 
tions to be higher for leaves which were at greater distances from the water 
supply. Pringsiieim (50) observed in succulents that the concentration 
was greater in the upper leaves. He accounted for the internal transloca¬ 
tion of water from lower to upper leaves during wilting by the difference in 
osmotic pressure. Beck (3) recently used the same method as employed by 
Pringsheim, and states, 44 even though it seems evident that the water passes 
from the older parts to the younger parts, Pringsheim ’s explanation 
is not at all convincing. He did not have a clear conception of the relation 
between the direction of flow and the osmotic quantities of the cells. His 
explanation was based on the assumption that the water must flow in the 
direction of the 0* gradient, which is not true. The gradient itself which 
he claimed to exist, is doubtful (9, p. 102). (It should be remembered in 
this connection that Pringsiieim employed KNO a as plasmolyzing agent, 
which is unreliable, ef. 3, p. 431. ’ ’) Zalenski (57), dealing with other pecu¬ 
liarities of the upper leaves of shoots, also pointed out differences of osmotic 
pressure. Iljin and Saboleva (32) reported similar findings, and in addi¬ 
tion found a greater osmotic value in the distal portions of the leaf blade as 
compared with the basal portions. It must be borne in mind that the last 
three investigators used the plasmolytic method of determining the cell-sap 
concentrations. Eaton (12), working with cotton leaves, reported that the 
freezing-point depression of the extracted sap from the leaves decreased 
from 1.57° C. for leaves 74 days old to 1.10° for leaves which were 10 days 
old. Finally, Martin, Harris, and Jones (39) found the freezing-point de¬ 
pression to be greatest in the juices of the terminal leaf of sorghums, with a 
progressive decrease in the leaf juices from the top of the plant downward. 
Also the freezing-point depression of the juices of different internodes 
was about the same in the flowering stage but increased from the top down 
to the fourth internode when the plant approached maturity. 

The earlier literature in regard to the temperature of leaves has been 
thoroughly reviewed by Ehlers (14), and will be mentioned in this paper 
only in the discussion of the various phases of the experiments. Miller 
and Saunders (42) and Eaton (12) reported that young leaves were cooler 
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than old leaves, and that the temperature was higher for wilted than for 
turgid leaves. These relationships are in general keeping with the observa¬ 
tions of Kiesselbach (33), Loftfield (38), and Clum (8), who used 
various methods to arrive at their comparisons. 

An examination of the literature dealing with the transpiration rate of 
leaves of different ages shows that investigators, using a number of methods, 
have found great variability in the directions which the gradient takes in 
different plants. 

Alexandrov (1), working with the sunflower, found that the upper 
leaves transpire much more vigorously than the lower ones. Zalenski (58) 
carried out experiments on the transpiration of different leaves on the same 
plant and drew conclusions similar to those of Alexandrov. Schechner 
(Burgerstein 5) reported that the transpiration of young leaves of many 
plants was greater than that of older leaves, and that in some other plants 
the leaves of intermediate age had lower transpiration rates than either 
older or younger leaves. On the contrary, Overton (46), while working 
with Cy perus papyrus, found that the older leaves transpire more vigorously 
than the younger ones. Seeliger (Burgerstein 5), working with cut leaves 
from woody plants, and Fleischmann and Hirzel (Burgerstein 5), 
studying the leaves of hop, drew conclusions very similar to those of Over- 
ton. Giddings (19) found that both the higher and lower leaves of Silphium 
laciniatum transpired less rapidly than did the leaves borne near the middle 
of the plant. Koketsu (34) reported that the stomatal transpiring power 
of Coleus leaves was greatest at the height of their development. He used 
the hygrometric paper method for his studies. Palladin (47) states that 
the transpiring rate is highest during the period of the greatest activity of 
the leaf, that is, while it is still growing. He assumes this to be due to both 
cuticular and stomatal transpiration. Recently Eaton (12) found that 
young leaves of cotton were cooler than old leaves. The temperature of the 
leaves 82 days old was 2.3° C. below that of the air, whereas the temperature 
of the leaves 26 and 20 days old was 4.1° below that of the air. He found 
that the temperature of very young leaves, 3 days old, was approximately 
the same as that of leaves 82 days old. 

III. Methods and apparatus 

The plants used in this investigation were: five varieties of soy beans 
(Soja max), Illini, Manchu, Ebony, Harbinsoy, and Mandarin, respec¬ 
tively; sunflower ( Helianthus annuus), milo ( Holcus sorghum var. durra), 
and cabbage ( Brassica oleracea var. capitate, four varieties). The soy 
beans were secured from the Department of Plant Breeding at the Univer¬ 
sity of Illinois. The seeds were inoculated by means of soy bean nodules, 
secured from a field in which this plant had formerly growm. 
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These plants were selected for various reasons: (1) All of them, with 
the exception of cabbage, have a rather shallow and limited root system, 
which probably renders them sensitive to variations in moisture conditions. 
(2) All of them are commonly grown as annuals in various states. The 
sunflower is recognized as being genetically a mixture, but data presented 
later will show that the results are not greatly variable even for such a 
plant. 

The plants were grown in the greenhouse under different moisture con¬ 
ditions and soil salt concentrations. The experiments were performed upon 
normal plants grown in pots, 4 to 8 inches in diameter. The soil used in 
the containers was a sandy loam in good tilth, having a field-carrying 
capacity of 35.10, a moisture equivalent of 9.71, and a wilting coefficient of 
4.86. A sufficient quantity of soil was prepared at the beginning of the 
experiments so as to use but one type of soil and to use it only once. The 
soil was sterilized and thoroughly mixed before it was used. Soil samples 
were taken, by means of a special cork-borer, from time to time from the 
various pots, to determine an average soil moisture throughout the growth 
of the plants. The water content was then determined. These water-con- 
tent values are expressed as percentages of the dry weight of the soil. The 
soil in the containers w T as kept at a moisture content of approximately the 
given percentage desired, by the frequent addition of water to replace that 
lost by evaporation. Frequent additions of water were made by the use of a 
series of auto-irrigators, designed by Professor Chas. F. Hottes, but modi¬ 
fied to adapt it to this investigation. Neither the auto-irrigator nor the 
modifications mentioned will be described here since Professor Hottes con¬ 
templates doing further work with it before publication of his results. The 
field-carrying capacity, the moisture equivalent, and waiting coefficient were 
determined by the method described by Briggs and Shantz ( 4 ). 

The leaf and stem material used was collected from the respective 
parts of the plant, and placed as rapidly as picked into large test-tubes, 
1.75 inches in diameter and 7 inches in length. Tubes of this size 
accommodate from 50 to 60 gm. of plant parts. Each leaf sample was 
then weighed, and in all cases, except where different methods of treating 
the tissue before applying pressure were employed, the tubes containing 
the plant parts were plunged at once into a freezing box of “dry ice.” 
The freezing box with the samples was set in a refrigerator for the period 
of freezing, which was always 10-12 hours. Leaves and stems treated in 
this manner are still frozen when the tubes are unstoppered for extraction 
of the tissue fluids. All leaf samples were collected between 3:30 and 
4: 00 o’clock in the afternoon, except where otherwise stated, and determi¬ 
nations were made upon each set within one to two hours after they had 
been extracted. 



354 


PLANT PHYSIOLOGY 


Different methods of treating the tissue, before applying pressure, were 
tried out. Pre-freezing with dry ice proved to be the most satisfactory for 
this investigation. The amount of sap obtained from a sample depends 
upon its size, the age and kind of tissue, water content, and on its treat¬ 
ment. , .1 , 

A small but powerful hydraulic press, equipped with a test cylinder 
1.12 inches in diameter, with necessary filters and accessories, was used for 
obtaining the sap samples. This is the standard press, LPI, with 1.12-inch 
diameter test cylinder and filter pads and pan (S-1722), sold by Fred S. 
Carver, New York. The pressure was sufficient to leave the press cake 
relatively dry. 

A uniform time of .draining and a uniform pressure were used. The 
following procedure served as a standard: a 50-gm. sample of tissue was 
subjected to .5000 pounds per square inch, drained for four minutes after 
maximum pressure was reached, and the volume of sap extracted was 
measured. These samples w’ere tightly stoppered and placed in ice-w r ater 
pending determination of the freezing point. 

Estimation of dry substance in plant sap by refractometer 

The water content of the tissue was obtained from a duplicate sap sam¬ 
ple and the water left in the press cake. The dry substance content of the 
sap was obtained by the refractometer method of Gortner and Hoff¬ 
man (21). An Abbe refractometer (Zeiss) was used. 2 Instead of using 
the sugar scale for the dry-matter reading, the dry substance was obtained 
from Geerlig's table used in determining the dry substance in sugar house 
products (2). The percentage of w r ater in the sap w T as obtained from pub¬ 
lished tables of the United States Bureau of Standards ( 49 ). This method 
was checked by drying a known quantity of sap in the oven at a tempera¬ 
ture of 65°-70° C. for a period of 196 hours. 

Determination of osmotic pressure of extracted leaf saps 

Thle freezing point of the sap was determined in the usual freezing-point 
apparatus with the use of a Beckmann thermometer certified by the Bureau 
of Standards. At. least tw r o determinations were made upon each sample, 
and the average.of closely agreeing duplicates was taken as the freezing 
point. The observed freezing-point depressions were corrected for under¬ 
cooling by the table of Harris (22). The corrected freezing-point depres¬ 
sion readings were converted into equivalent osmotic values from Harris 
and Gortner's tables (23). 

2 Lent for the investigation by courtesy of the Department of Chemistry of Duke 
University. 
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Determination of bound water 

The method employed in this investigation was essentially that intro¬ 
duced by Newton and Gortner ( 43 ) but with slight modifications in 
order to improve the accuracy of the technique. The procedure, as 
modified, is as follows: The dry substance content is obtained by a 
refractometer. Then the freezing-point depression of the fresh juice is 
obtained by the Beckmann method, making the necessary correction for 
undercooling. Next a fresh sample of juice containing exactly 20 gm. of 
water is weighed out into a 100-cc. Erlenmeyer flask; this is a convenient 
quantity for a duplicate determination. Since the principle of the method 
depends upon the determination of small differences in the amount of free 
water in the juice, it is important that the juice be accurately weighed. 
The weight of juice required to contain exactly 20 gm. of water can readily 
be calculated, after knowing the dry substance content as indicated by the 
refractometer. To the accurately weighed portion of juice are added 6.8448 
gm. of finely pulverized sucrose; this is just sufficient quantity to make a 
molar concentration in the total water percentage. The sucrose samples 
were previously weighed out into small porcelain dishes and stored in a 
desiccator until required for use. After the sucrose has been added to the 
flask containing the juice it is stoppered and placed in a bath of ice slush 
and gently moved back and forth in a horizontal motion. Care is used to 
avoid frothing, which would probably bring about physical changes in the 
colloids. The time required for the sucrose to dissolve in the juice was 
found to be 20 to 25 minutes, when the sucrose w r as finely pulverized. 

After the addition and solution of the sucrose, the freezing-point depres¬ 
sion of the juice sample is redetermined. This value is usually found to be 
greater than the sum of the original freezing-point depression of the juice 
and the sugar solution determined separately. This excess depression is 
considered to be due to the fact that part of the water is being held as 
imbibed water by the hydrophilic colloids in the juice and is thus unavail¬ 
able as a solvent. The molecular concentration of the sugar wdll therefore 
be increased more than the theoretical amount; hence an excess depression 
of the freezing point. The magnitude of the excess depression is taken as 
a measure of the w T ater held in such a way as not to be available for the 
solution of the sucrose. The percentage of ‘ 4 bound water” is in turn taken 
as an index of the relative colloidal content of the plant juice. 

The possible sources of error in this method have been discussed by its 
originators. However, there are certain precautions to keep in mind. The 
same portion of juice should never be frozen twice, since the frost precipi¬ 
tation of proteins alters the hydration and consequently invalidates the 
results. For this reason, w r hcn bound-w^ater studies were being made, the 
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plant tissues used were finely ground in a food chopper rather than pre¬ 
frozen. It is likewise necessary to keep dry the neck and upper wall of the 
flask. Again, the validity of the method as a measure of the hydrophilic 
colloid content of a sap rests upon the assumption that there are no other 
substances present in the juice which bind appreciable amounts of water. 
Probably the one non-colloidal substance which is likely to be present in 
plant juices in sufficient quantity to bind appreciable amounts of water is 
sucrose. This fact should be borne in mind when interpreting the results of 
an investigation upon different plant saps and the same plant sap when 
collected under different environmental conditions. 

The percentage of bound water is calculated as follows (symbols and 
formula taken from Newton and Martin, 45): 

A = freezing-point depression of the plant juice. 

Aa = freezing-point depression of the juice after a molar concen¬ 
tration has been added. 

As = Aa-A, the additional depression due to the added sugar. 

Ax = As minus the freezing-point depression (determined experi¬ 
mentally) of a molar solution of the sugar used. 

,3 J Ax *89.2 

Bound water =-r- 

As 

where 89.2 is the percentage of free water in a weight molecular solu¬ 
tion of sucrose, assuming the formation of sucrose hcxaliydrate, as ex¬ 
plained by Newton and Gortner (43). 

Leaf temperature measurements 

No procedure for the direct determination of the individual transpira¬ 
tion rates of attached leaves under experimental conditions has yet been 
devised, except for the method employed by Alexandrov ( 1 ). His method 
consisted of wrapping and unwrapping, in turn, the leaves of the upper and 
lower zones respectively; thus he was able to compare the intensity of 
transpiration of the two sets of leaves without detaching any of them, and 
at the same time to employ that most satisfactory of ail methods, the 
weighing of^intact, rooted plants. The thermo-electric method was used 
in this investigation to obtain the leaf temperature. The leaf-temperature 
method is not only convenient and applicable to attached leaves, but it has 
a further advantage in that it is rapid. The leaves until the moment of a 
measurement are fully exposed to a standard light, and during the few 
seconds required for the reading there is little opportunity for a material 
change in leaf temperature. Several investigators have found a high corre¬ 
lation between transpiration rates and leaf temperatures; therefore it is 
possible to use this method to secure the measurements and comparisons. 



GREATHOUSE: PROPERTIES OF PLANT SAPS 


357 


The thermo-electric method described by Eaton and Belden ( 13 ) is gen¬ 
erally followed. The wall galvanometer 8 used was provided with a telescope 
and scale, and was formerly listed by Leeds and Northrup as no. 2239-d, 
type P. When purchased it had a coil resistance of 2000 ohms, a sensitivity 
of 0.002 microcoulomb per millimeter on the scale, and a period of 26 seconds. 
As wired for use, it had a sensitivity of 0.1204° C. per millimeter. The 
thermocouples were of no. 36 copper and constantan wire with soldered 
junctions. They were inclosed in a piece of rubber tubing and attached 
to a wooden handle as described by Eaton and Belden. 

The galvanometer and thermocouples were standardized by passing a 
known current through them and by immersing the respective junctions 
in a series of water baths of different temperatures. In preparation for 
taking the readings, the scale zero was brought to the cross hair, while the 
air junction was protected from the light by its paper cone and the leaf 
junction by the shadow of another piece of paper. 

For a short time the thermo-electric apparatus was placed in the green¬ 
house near the experimental plants; but because relatively large fluctu¬ 
ations in direct sunlight were found, especially when the temperature was 
high and when the air was in motion even during a brief period of a few 
seconds, the apparatus was removed to a room where the temperature, 
humidity, and air currents w^ere nearly constant, at least over a period of 
several seconds and even minutes. A standard light (standard candle power 
61.893) at a distance of three feet was used under these conditions. Most of 
the temperature determinations were made by two persons. One clasped 
the leaf surfaces over the thermo-junction while the other recorded the swing 
of the galvanometer when it came to rest. This procedure permitted fairly 
rapid work. 

Six potted plants, growing under uniform conditions of moisture, etc., 
were selected at random for the leaf-temperature studies. Three tempera¬ 
ture measurements w^ere made on each of the leaves of six plants. Begin¬ 
ning with the lowest leaves, which did not show any signs of deterioration, 
the temperature of each leaf was measured, proceeding from the older to 
the younger leaves in turn, while the plant w r as turned whenever it was 
necessary to get equal exposure to the light. As soon as the leaf-tempera¬ 
ture measurements w T ere completed, these leaves, wuth similar ones from 
other plants grown under like conditions, were gathered for the determina¬ 
tion of the tissue fluids. The preceding method provided 36 readings for 
each temperature mean. The mean temperature of the leaves in each of 
these groups was averaged for the comparison. The probable errors of 
the means were calculated by the usual formula, since all the determina- 

s Lent for this investigation by courtesy of the Physics Department of Duke 
University. 
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tions exceeded twenty in number. The leaf temperatures were made on 
leaves, numbers 60-72 and in some cases 72-84, but owing to the small size 
of leaves numbering 72-84 it was deemed not feasible to collect them for 
sap analyses. 

IV. Experimental data and discussion 

Effect of different methods of treating tissue previous to 

EXTRACTION 

A comparative study was made of several methods of treating leaf 
tissues, to determine the effect upon the volume of sap which could be ex¬ 
tracted from them under pressure, and the osmotic concentration of this 
extracted juice. Parallel series of determinations were made on leaves of 
plants grown in soil containing a very low supply of available water and on 
others grown with approximately the optimum supply of soil moisture. The 
leaves were equally divided into four lots and received the following treat¬ 
ments. The leaves of lot no. 1 were placed under a pressure of 5000 pounds 
per sq. in. without being given any previous treatment; those of lot no. 2 
were pre-frozen with solid CO a ; those of lot no. 3 were pre-frozen with an 
ice-salt mixture; and those of lot no. 4 were previously ground into shredded 
pulp by means of a food grinder, before extraction of sap by means of pres¬ 
sure. 

TABLE 1 

Effect of different treatments of soy bean leaves upon extractable amount of 

SAP AND UPON OSMOTIC CONCENTRATION OF EXTRACTED SAP 

Pressure, 5000 pounds per sq. inch; time of draining, 4 minutes 


Date 

(1930 

Oct.) 

Method 

of 

treatment 

Moisture 

content 

OF 

TISSUE 

VOL. OF 
SAP PER 
100 GM. 
TISSUE 

Mean 
AGE OF 

LEAVES 

Total 

WATER EX¬ 
TRACTED 

Osmotic 

pressure 

IN ATMOS¬ 
PHERES 

Soil 

MOISTURE 

(DRY 

weight) 



per cent. 

CC. 

daps 

per cent. 


per cent. 

28 

j Solid 0O 2 

(85.3)* 

(60.3) 

(24) 

(70.6) 

(9.178) 

(17.0) 

31 

Solid CO,. 

79.8 

53.6 

25 

67.2 

10.079 

9.0 

28 

Ice-salt 

mixture 

(85.3) 

(53.4) 

(24) 

(62.6) 

(9.105) 

(17.0) 

31 . ; 

Ice-salt 

mixture 

79.8 

37.5 

25 

47.5 

9.154 

9.0 

28 . 

Ground 

(85.3) 

(52.2) 

(24) 

(61.2) 

(9.045) 

(17.0) 

31 .. 1 

Ground 

79.8 

41.3 

25 

51.9 

10.156 

9.0 

28 .... j 

Untreated 

(85.3) 

(31.6) 

(24) 

(37.1) 

(7.361) 

(17.0) 


* Brackets indicate that plants were grown in soil containing approximately optimum 
soil moisture. 
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Table I records the results of a representative series of determinations 
upon the leaves of soy bean, variety Manchu. The water content of the 
leaves was 5.5 per cent, higher in the plants grown under the more favorable 
water supply, a fact which may be expected to have some influence on the 
volume of tissue fluids which could be extracted. For plants grown under 
more favorable conditions of soil moisture, approximately the same volume 
of tissue fluid was extracted from samples frozen with solid carbon dioxide, 
from samples frozen with ice-salt mixture, and from samples ground into 
pulp by means of a food grinder. Whereas, for plants grown under less 
favorable conditions of soil moisture, only with the sample frozen in solid 
carbon dioxide was a volume of sap secured which compared with the volumes 
expressed from plants grown under more favorable conditions of soil mois¬ 
ture. The untreated sample gave a smaller volume of plant sap than any 
of the treated samples. 

Meyer's ( 41 ) work with pine leaves collected during the summer and 
winter months shows that pre-freezing with solid C0 2 yields the greater 
volume of sap. Thus his results are substantiated by those of table I. 

Comparison of refractometer and oven method for determining dry 

SUBSTANCES IN PLANT SAPS 

Iii this type of investigation a direct and yet rapid method of determin¬ 
ing the content of dry substance in biological fluids must replace the usual 
method in which materials are desiccated in an oven. Gortner and Hoff-, 
man (21) proposed the use of the refractometer for this purpose, for the 
reason that it is more economical of juice, time, and apparatus. It was 
deemed necessary, however, to compare these two methods to determine the 
degree of accuracy of the more rapid method. 

The determinations on oven-drying were carried out by desiccating 10- 
gm. samples of juice in porcelain dishes of 4-cm. diameter, in duplicate, in 
an oven at 65-70° C. for 196 hours. This excessive length of desiccation 
seemed necessary because of the difficulty with which the last traces of 
moisture are driven from the gummy residues left on evaporation. Un¬ 
doubtedly, volatile materials other than water are given off by oven-drying; 
however, these substances arc thought to constitute a very small portion of 
the dissolved substances and therefore do not introduce a serious error. 

The results in table II show that refractometer readings give only 
89.75 per cent, of solids found by oven-drying. Therefore a correction 
of 10.25 per cent, was used in all data for the dry substance when de¬ 
termined by the refractometer method. The data in table II confirm in 
general those of Newton and Martin ( 45 ), which were published just after 
the writer had concluded his experiments. However, they found it neces¬ 
sary to make a larger correction than these data show. This difference may 
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TABLE II 

Dry substance in extracted juice as determined by refractometer and oven 



Date 

Dry SUBSTANCE 

Percentage of 

Species 

of 

COLLECTION 

(1930) 

By 

OVEN 

DRYING 

By 

REFRAC¬ 

TOMETER 

REFRACTOMETRIO 
READING FOUND 
BY OVEN-DRYING 

Soja max var. mammoth yellow* 

Sept. 15 

per cent. 
15.45 

per cent. 
17.14 

per cent . 

90.1 

Soja max var. Virginia* 

it tt 

13.99 

15.36 

91.1 

a a a a « 

+ 5% sucrose . 

it tt 

18.69 

20.73 

90.2 

Helianthus annuus* . 

tt tt 

11.66 

13.06 

89.2 

Zea mays*. -. 

it tt 

11.41 

12.87 

88.7 

Soja max var. Manchut . . 

Oct. 14 

8.97 

10.09 

88.8 

Soja max var. Illinit . 

it tt 

9.27 

10.23 

90.6 

tt tt <t a | 

ft 22 

9.267 

10.41 

89.02 

Soja max var. Manchut. 

tt a 

8.36 

9.28 

90.0 

Average . 




89.75 


* These plants were collected from fields about 3 miles northwest of Durham, N. C. 
t These plants were grown in the greenhouse. 


be due to the fact that they used a vacuum oven at a temperature of 96 °— 
97° C. for the last 48 hours of desiccation, thereby making it more probable 
that the last traces of the moisture were driven from the residue. If the 
correction used in this investigation is too low, the bound-water determina¬ 
tions given later in this paper are in consequence slightly low. 

A deviation of 0.2-0.4 per cent, represents the probable error in dry sub¬ 
stance shown in the data in table II. This is not of sufficient magnitude to 
affect the comparative values. 

Effect of storing plant saps at 0° and 20° C. 

The tissufe fluids were stored for a short time only after being extracted, 
before the desired determinations were made. The interval between extrac¬ 
tion and the making of the determinations seldom exceeded one hour. In 
this interval the changes in the properties of the tissue fluids should be in¬ 
appreciable, when stored at 0° C. 

In order to ascertain the effect of time and temperature upon the 
osmotic value, samples of juice were divided and one part was stored at a 
constant temperature of 0° and the other portion at 20° C. The samples 
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were held for a maximum period of about 6 hours. At desired intervals 
portions were withdrawn for the determination of the osmotic value. The 
results of this experiment are shown in table III. 

TABLE III 

Effect op duration and temperature of storage on the osmotic value 

OF PLANT JUICES 






Depres- 


Plant juice 

Date 

Time of 

Temp, of 

SION OF 

Osmotic 

USED 

(1930) 

storage 

storage 

FREEZING 

PRESSURE 





POINT 




hours 

°C. 

°C. 

atm . 



September 30 

0.0 

0 

0.783 

9.43 



1.0 

0 

0.784 

9.44 




2.3 

0 

0.803 

9.67 

Soja max var. 
Manchu, 8.5 

X>er cent, solids 



4.2 

0 

0.811 

9.76 



6.0 

0.50 

1.45 

0 

20 

20 

0.819 

0.820 

0.885 

9.86 

9.87 
10.66 




2.80 

20 

0.908 





3.50 

20 

0.923 





5.23 

20 

0.946 

11.39 



October 2 

0.00 

0 

0.776 

9.35 




1.10 

0 

0.781 

9.41 




2.45 

0 


9.55 

Soja max var. 



4.30 

0 


9.62 

Illini, 9.1 «| 



6.10 

0 


9.61 

per cent, solids 



1.45 

20 

0.821 

9.89 



3.00 

20 

0.843 





4.68 

20 






6.70 

20 

0.884 

10.65 


These results show that the osmotic pressure in plant saps in most cases 
increased gradually during storage, the greater change occurring at 20° C. 
This increase in osmotic pressure is to be expected owing probably to 
hydrolysis of various substances in the juice. The rate of change in 
osmotic pressure at 0° C. is so slight during the first hour, the time normally 
required for the routine determinations, that the changes are considered 
inappreciable. 

Effect of maturity of plants on concentration and osmotic 

PRESSURE OF JUICES 

It was desired to ascertain the effect of maturity of the plant upon the 
concentration, osmotic pressure, and percentage of moisture within the 
leaves of two varieties of soy beans and the sunflower. 

The percentage of composition at different periods from near the flower¬ 
ing stage to near maturity for Soja max, varieties Mandarin and Harbinsoy, 
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Fig. 1. Percentage of dry matter and water in soy bean and sunflower plants at 
different periods from near the flowering stage to approach of maturity. 


and Helianthus animus is given in table IV and presented graphically in 
figure 1. 

The results in table IV show that with the approach of maturity the 
moisture content of the leaf tissue decreases rather rapidly, causing corre¬ 
sponding increase in concentration and osmotic pressure of the sap. These 
data are presented graphically in figure 1. The curves of this figure are 
of the same general trend; however, in the variety Mandarin the moisture 
content drops rapidly and the dry substance ascends rapidly. This is 
probably due to a difference in maturity of the two varieties, since the 
Mandarin variety bore small pods whereas the Harbinsoy had only flower 
buds. The sunflower plants had not reached maturity, as can be noted from 
the table and graph. 

Welton, Morris, and Hartzler (66) state that the percentage of 
residual dry matter increased from the tasseling stage to maturity in both 
varieties of corn studied. The percentage of moisture decreased in the 
Clarage variety in the early part of the season, but the trend was reversed 
at maturity; the percentage of moisture decreased in the Burr Learning 
throughout the period studied. 
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Effect of collecting plant parts at different times 

On account of the well known variation in the osmotic pressure of plant 
saps throughout the day, collections were usually made at 4:00 p. m. 
However, since this investigation in part deals with the gradient of osmotic 
value of leaves, their water content and temperature, it was deemed neces¬ 
sary to make a few determinations at another hour of the day. Likewise, 
Eaton (12) has recently drawn more or less definite conclusions on the 
gradient within the plant on data secured from one experiment on cotton 
leaves. 

TABLE V 

Ages, water content, and freezing-point depressions of extracted tissue fluids of 

LEAVES AT SUCCESSIVELY HIGHER NODES ON MAIN STEM OF SOY 
BEAN VAR. MANCHU; NOVEMBER 6, 1930 


Time 

Moisture 

content 

VOL. OF 
SAP PER 
100 GM. OF 
LEAVES* 

Mean 

AGE OF 

LEAVES 

Freezing- 
pt. depres¬ 
sion 

Osmotic 

pressure 

Total 

WATER EX¬ 
TRACTED 


per cent. 

cc. 

days 

(A) 

atm. 

per cent . 


■ 


54.98 

38 


6.663 

65.4 


i| 


57.96 

33 

0.608 

7.325 

69.0 


I 

83.8 

57.4 

26 

0.631 

7.602 

68.4 


1 

81.9 

61.3 

18 


7.975 

74.8 

XU • JU A* Mt 


82.01 

55.8 

13 

0.776 

9.346 

68.03 



Lowest £ of stem 


0.631 

7.602 




Middle “ “ “ 


0.658 

7.962 




Upper * 

t a <, i 


0.738 

8.889 




82.5 


38 

0.741 

8.925 




82.4 


33 

0.748 

8.999 




81.9 


26 

0.667 

8.035 




80.7 


18 

0.664 

7.999 


4: 00 p. M. - 


80.6 


13 

0.642 

7.734 




Lowest & of stem 


0.776 

9.346 




Middle * * “ “ 


0.737 

8.877 




Upper “ “ “ 

_ 


0.673 

8.107 



* By doubling volumes obtained experimentally from 50-gm. sample. 


The plants used for the data in table V were grown at a constant soil 
moisture of 15.6 per cent. The data show that if collections are made about 
10:30 A. m., results will be secured which differ considerably from those 
obtained at 4:00 p. m. The osmotic concentration for the successively 
higher nodes on the main stem are just the reverse, and the segments of the 
stem show the same general trend as that of the leaves. 

Harris, Gortner, and Lawrence (24), in a study of the relation be¬ 
tween the osmotic concentration of leaf sap and the height of leaf insertion 
in trees, noted that the osmotic pressure increased with the height at which 
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the leaves were collected, whereas the specific electrical conductivity de¬ 
creased from the lower to the higher levels. According to these data, evi¬ 
dently there is an increased photosynthesis in those leaves in the upper 

K 

portion of a tree, as indicated by a decreased ratio of and an increased 

osmotic pressure. This being the case, one would expect results similar to 
those in table V, on account of the ratio of photosynthesis to translocation 
of the food materials during the period extending from late afternoon 
throughout the night. Whether this increase in photosynthesis in the upper 
and younger leaves is due to more favorable light conditions or to a more 
favorable ratio of the electrolytes present in the cell sap can be determined 
only by more extensive studies. 

Temperature fluctuation in experimental room 

The degree of fluctuation of temperature within the room in which the 
thermo-electrical apparatus was located was observed for a period of six 
hours; during this period the temperature fluctuated to the extent of zb 0.2° 
C. Since the variability in temperature in this room was found to be slight 
and did not change at a very rapid rate, it is not thought to introduce appre¬ 
ciable error into the leaf-temperature determinations, to be presented later. 
Nevertheless an average of a number of consecutive determinations was 
made in order that a more exact index of the temperature changes of leaves 
and of the surrounding air might be obtained. Each temperature mean is 
the average of from 20 to 36 determinations taken during a 20- to 30-minute 
period. It must be borne in mind, in making leaf-temperature determina¬ 
tions, that they are relative only to the conditions that prevail when the 
determinations are made. This is due to the fact that the temperature of 
a leaf is influenced by such factors as temperature of the air, available soil 
moisture, air -currents, age and type of leaf, and intensity of the light 
exposure. 

Gradient within the plant 

The leaf temperature measurements were made and the leaves collected 
for extraction of the tissue fluids on October 30, 1930, for the data in table 
VI. The temperature measurements were started at 2:00 and ended at 
2:39 p. m. The leaves were collected and frozen at 4:00 p. m. The air 
temperature at 2:00 was 74° F. and the wet bulb was 64° F.; thus the rela¬ 
tive humidity was 58 per cent, and the dew point 64° F. The average soil 
temperature at the same time was 68° F. 

The leaves are grouped according to both age and position on the plant. 
The ages designated are the means of the leaves in each group. All of the 
plants used were of about the same height, and the leaves rarely differed in 
age from the mean more than two days. 
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TABLE VI 

Summary or physical properties or soy bean leaves, var. Manchu, and leap tissue 
PLUIDS FOR PLANTS STUDIED ON OCTOBER 30, 1930 
(SOIL MOISTURE 15.0 PER CENT.; WEATHER CLEAR AND SUNNY) 


Leaf 

NOS. 

Mois¬ 

ture 

content 

Mean 

AGE OP 
LEAVES 

Volume 

or 

SAP PER 
100 GM. 
LEAVES* 

Difference 

between 

LEAF AND 

AIR TEM¬ 
PERATURE 

Freez- 
ING-PT. 
DEPRES¬ 
SION OF | 
SAP 

Osmotic 

PRESSURE 

Total 

water 

EXTRACTED 


per cent. 

days 

cc. 

°c. 

°c. 

atm. 

per cent . 

1-24 

85.64 

30 

56.4 

- 0.42 ± .04 

0.964 

11.608 

66.1 

24-36 .. 

85.76 

25 

67.1 

-0.68 ± .06 

0.762 

9.178 

78.2 

36-48 . 

86.60 

18 

68.6 

-0.72 ± .05 

0.756 

9.105 

1 79.7 

48-60. .. 

83.60 

10 

67.7 

-0.97 ± .08 

0.725 

8.732 

80.4 

60-72 . 

81.24 

4 


-0.78 ± .07 





* By doubling volume obtained experimentally from 50-gm. sample. 


Table VII records the results obtained from leaves of variety Manchu, 
38 days old, grown at a soil moisture of 9.5 per cent. The leaf-temperature 
measurements were started at 2: 30 and ended at 3:12 p. M. The air tem¬ 
perature a.t 2: 30 p. m. was 72° P. and the wet bulb was 59° F.; thus the 
relative humidity was 65 per cent. These plants were exposed to sunshine 
during the morning but it was cloudy during the afternoon. 

Table VIII presents data on Helianthus annuus grown at a soil moisture 
of 15 per cent. The leaf-temperature measurements were carried out be- 

TABLE VII 

Summary of physical properties of soy bean leaves, var. Manchu, and leaf tissue 
FLUIDS TOR PLANTS STUDIED ON OCTOBER 31, 1930 
(COLLECTED AT 4:00 P. M.) 


Leaf 

NOS. 

Mois¬ 

ture 

CONTENT 

Mean 

AGE OF 
LEAVES 

Volume 

of 

SAP per 
100 GM. 
LEAVES* 

Difference 

between 

LEAF AND 

AIR TEM¬ 
PERATURE 

Freez¬ 
ing-pt. 

DEPRES¬ 
SION OF 
SAP 

Osmotic 

pressure 

! 

i Total 

WATER 

EXTRACTED 

1-24 

percent. 

81.3 

days 

30 

CC. 

43.0 

°c. 

+ 1.03 ± .03 

°c. 

0.837 

atm. 

10.079 

per cent . 
52.9 

24-36 . 

79.8 

26 

53.6 

+ 0.91 ± .05 

0.828 

9.971 

67.1 

36-48 .. 

79.4 

17 

59.7 

+ 0.86 ± .03 

0.789 

9.502 

75.1 

48-60... 

78.1 

10 

59.1 

+ 0,64 ± .04 

0.778 

9.370 

75.6 

60-72 . 

79.7 

4 


+ 0.68 ± .02 





By doubling volume obtained experimentally from 50-gin. sample. 
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tween 3; 00 and 3: 40 p. m. The relative humidity in the experimental room 
was 60 per cent. The soil temperature was 69° F. The leaves were collected 
for freezing and storage at 4: 00 p. m. 

TABLE VIII 

Summary op the physical properties of sunflower leaves and tissue fluids for 
PLANTS STUDIED ON OCTOBER 31, 1930 
(CLEAR AND SUNSHINY DAY) 


Leaf 

nos. 

Mois¬ 

ture 

content 

1 Mean 
age of 

LEAVES 

Volume 

of 

SAP PER 
100 GM. 
LEAVES* 

Difference 

BETWEEN 

LEAF AND 
AIR TEM¬ 
PERATURE 

Freez- 

ing-pt. 

DEPRES¬ 
SION OF 
SAP 

Osmotic 

PRESSURE 

Total 

water 

EXTRACTED 

1-24 

per cent. 
90.0 

days 

28 

cc. 

61.3 

°C. 

-0.81 + .05 

°C. 

0.754 

atm. 

9.081 

per cent. 
68.8 

24-36 

91.3 

20 

64.1 

-0.89 - .03 

0.725 

8.732 

70.2 

36-48 

86.4 

14 

62.0 

-0.97 - .02 

0.724 

| 8.720 

71.7 

48-60 

87.7 

10 

64.0 

- 0.96 - .04 

0.726 

1 8.744 

1 

72.9 

60-72 

85.0 

C 


-0.93 ± .03 


I 

! 



* By doubling volume obtained experimentally from 50-gm. sample. 


The results in tables VI, VII, and VIII are shown graphically in figures 
2, 3, and 4 respectively. 

The leaves were found to be progressively cooler from the older, upward, 
toward the younger, until leaves a few days old were reached. This was ob¬ 
served to be true whether the leaf-temperature determinations were made at 
10: 30 a. m. or at 4: 00 i\ m. For soy bean plants grown at a soil moisture 
of 15 per cent, of the dry weight, the oldest leaves had the highest tempera¬ 
tures, - 0.42° C. below the air temperature. Leaves 18 and 10 days old were 
the coolest, -0.72° and -0.97° C. respectively, below the air temperature. 
Leaves 4 days old were warmer than those 10 days old, and had a tempera¬ 
ture -0.78° C. below that of the air. Whether the increased transpiration 
rate, as determined by the leaf-temperature determinations, of the leaves 10 
and 18 days of age is the result of both stomata! and cuticular transpiration 
can be determined only by more extensive studies. Likewise it has been re¬ 
ported by a number of investigators that there is an increased respiration 
rate in the young developing organs, which fact might therefore aid in the 
explanation of why leaves 4 days of age were warmer than those 10 days old. 

The oldest leaves of soy bean plants growm in a soil which had a moisture 
content of 9.5 per cent, of the dry weight had the highest temperatures. 
However, instead of being below the air temperature, in all age groups their 
temperature was above that of the air. 
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Fig. 2. Ages, temperature measurements, and freezing-point depressions of ex¬ 
tracted sap of leaves at successively higher nodes on stem of soy bean plants (variety 
Manchu, table VI). 

The leaf-temperature determinations for the sunflower plants grown at 
a soil moisture content of 15 per cent, of the dry weight was in the same 
general order*as those of the soy bean plants grown at this soil moisture. 

The freezing-point depression increased with the age of the leaves and 
decreased with the height of their insertion for the plant portions listed in 
tables VI, VII, and VIII. However, it is probable that this vrould have 
been just the reverse if collections of the leaves had been made at 10:30 
a. m. rather than at 4:00 p. m. This conclusion is indicated from data pre¬ 
sented in table V. 

Considering only the osmotic concentration, the upper leaves would be 
placed at a disadvantage with respect to older leaves in their ability to with- 
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Fig. 3. Ages, temperature measurements, and freezing-point depressions of ex¬ 
tracted sap of leaves at successively higher nodes on stem of soy bean plants (variety 
Manchu, table VII). 

draw water from the transpiration stream, at 4: 00 p. m. In addition to the 
difference in osmotic concentration, the upper leaves of soy bean and sun¬ 
flower were also at a disadvantage in their water relations as a result of 
their difference in position on the main stem. 

It was thought desirable to make a study of the water content of differ¬ 
ent tiers of leaves of soy bean and sunflower, before wilting* and during 
different degrees of wilting. Table IX presents these data. The plants were 
grown in pots, and water was withheld to induce wilting. The common 
method of weighing, drying, and reweighing was employed to determine the 
water content of leaves. Immediately after picking, the leaves were placed 
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Fig. 4. Ages, temperature measurements, and freezing-point depression of ex¬ 
tracted sap of leaves at successively higher nodes on stem of sunflower plants. 

in blackened glass tubes which were tightly stoppered. After being weighed 
the tubes were opened and placed in a drying oven at a temperature of 
90°-95° C. # The final dry weight was obtained by rew r eighing the stoppered 
tubes until they had reached a constant weight. 

The results given in table IX show that lower leaves of both soy bean and 
sunflower have a higher water content than have the upper leaves. Never¬ 
theless the lower leaves either give up some of this water to the upper ones 
during wilting or it is lost through transpiration, whereas the upper 
(younger) leaves have some means of retaining their water content. 

It may be noted in the case of soy bean (table IX) that the lowest tier of 
leaves lost 11.75 per cent, of their water content whereas the upper tier lost 
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only 8.09 per cent. The sunflower plants showed an even greater difference. 
The lowest tier of leaves lost 19.38 per cent, of their water content, in con¬ 
trast to 1.27 per cent, for the sixth tier of leaves. 

The fact that young leaves retain their turgidity for a longer period than 
older ones has been explained by Pringsheim (50) and others to be the re¬ 
sult of a greater osmotic pressure. According to Pringsheim, not only the 
earlier wilting but also the complete drying of adult parts of plants may be 
explained by the comparatively low osmotic pressure in these parts. 

It is hardly possible to explain the more rapid giving up of water by 
the lower leaves exclusively by reduced osmotic pressure; for if the upper 
leaves had a greater osmotic concentration than the lower, as shown when 
collections were made at 10: 30 A. m., the loss of their w’ater content would 
bring about a greater concentration within the cells, which w r ould therefore 
arrest the further loss of wrater. Moreover, the loss of w r ater would be pos¬ 
sible only in the case of simultaneous death of young as w r ell as old organs, 
which apparently does not occur. However, with due recognition of factors 
which may lead to shifting of equilibria and which must be constantly oper¬ 
ative in physiologically active plant cells, we must assume that the move¬ 
ment of w r ater is due only partly to differences in osmotic pressure of the 
cells; other important factors operating in this connection are probably 
imbibition pressure and tensile strength of water. 
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In any transpiring plant there must be a pressure gradient throughout 
the cell contents to the outside of the cell wall, as well as from cell to cell. 
As the water vapor diffuses from the intercellular spaces of the leaf to the 
external atmosphere, the vapor pressure in these spaces is lowered and the 
liquid water leaves the film on the neighboring cell walls to aid in the estab¬ 
lishment of a new equilibrium between the vapor and liquid phases. There¬ 
fore, if the rate of evaporation exceeds that of absorption, as in the case of 
wilting, water which leaves the cell walls cannot be entirely replaced, and 
thus the concentration of the cell fluids will be increased. In order to main¬ 
tain this equilibrium, the water film will recede into the pores of the cell 
walls, the surface force increasing with curvature of the menisci, until an 
equilibrium is established between the osmotic and imbibition pressures of 
the cell fluids. Since the logarithmic nature of an imbibition curve means 
that in a cell containing a high concentration of colloids the pressure goes 
up very rapidly, therefore the rate of outward diffusion must be slower than 
in a cell lacking such protection. Since the upper, therefore younger, leaves 
contain a high percentage of hydrophilic colloids, it is suggested that this 
condition will aid greatly in the explanation of why the younger leaves in 
the experiment of table IX were able to retain a greater percentage of their 
water content during wilting. Newton and Martin (45) point out a close 
correlation between hydrophilic colloids and drought resistance. 

Again in this connection, Harris and Gortner (20) found that Atriplex 
nuttallii has a freezing-point depression of 14.4° C., whereas in cactus it is 
0.53° C. It was observed by these investigators that A. nuttallii did not 
retain its water as effectively as did the cactus plant. Since their investiga¬ 
tion, Newton and Martin have shown the cactus to have a high hydrophilic 
colloid content, as determined by the bound-water method. 

The unequal distribution of water in the leaves of plants as shown by 
this investigation substantiates the findings of Krasnosselsky-Maximov 
(36). She likewise noted the water content to be greater in the lower leaves. 
Her data show that during the daytime, the excess of transpiration over ab¬ 
sorption causes the more vigorous parts of the plant, namely, the upper 
leaves, to abstract water from the lower, less active leaves. On account of 
this the uppeT leaves, although subjected directly to the drying influence of 
sun and wind, were found to exhibit smaller variations in water content 
than the lower leaves, which are more or less shaded and nearer to the roots. 

Effect of periodical wilting on osmotic pressure 

The soy beans (data in table X) were grown at about the optimum soil 
moisture content for a period; then they were periodically subjected to near 
the point of permanent wilting, after which the plants were once more 
watered to bring them back to optimum soil moisture. The plants were sub- 
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jected to severe wilting six times during development, and collections were 
made when they were 47 days old. 

It may be of interest to state that the interval between wilting and death 
was observed for soy beans, milo, and cabbage. The death of soy beans oc¬ 
curs a few days after wilting, and after many days, even two or more weeks, 
for milo and cabbage. The number of days before death occurs depends 
upon a variety of physical conditions. The milo and cabbage are hardier 
to drought and cold than the soy bean. Maximov (40) noted, in his experi¬ 
ments on wilting of plants in relation to drought resistance, that the more 
drought-resistant plants were capable of losing 30-40 per cent, of their 
water content without injury, while the less resistant plants showed a reduc¬ 
tion in dry weight and shedding of their leaves. 


TABLE X 

Summary of determinations made from collections at 4: 00 p. m. on soy bean, 
SUBJECTED TO PERIODICAL WILTINGS; DECEMBER 2, 1930 


Moisture 

CONTENT 

VOL. OF 
SAP PER 

100 GM. 

LEAVES 

Mean age 

OF LEAVES 

Freezing-pt. 

DEPRESSION 

OF SAP 

Osmotic 

PRESSURE 

Total 

wax 

EXTRACTED 

per cent. 

<T. 

daps 

A 

atm. 

per cent. 

75.4 


45 




75.1 

39.3 

38 

1.176 

14.152 

52.2 

75.3 

33.3 

31 

1.033 

12.436 

46.0 

76.0 

38.4 

25 

1.046 

12.596 

50.1 

78.7 

43.1 

18 

1.001 

i2.052 

54.7 


The plants subjected to periodical wiltings (table X) had a higher 
osmotic concentration than the check plants (table XI) grown at ap¬ 
proximately optimum moisture content. Further, it may be noted that 
the water content of the leaves was less in the case of the periodically 
wilted plants. This difference in water content might account for part of 
the increase in the osmotic concentration of these plants; however, it is not 
thought to account for the entire difference. In the check plants the lower 
leaves contained the greater percentage of water, whereas in the periodically 
wilted plants the upper leaves contained the greater percentage. Periodical 
wilting tends to induce a more xeromorphic structure, a higher osmotic 
concentration, and a possibly greater hydrophilic colloid content within the 
cells of the leaves, which may in turn aid in neutralizing the unfavorable 
consequences of the initial wilting, in spite of subsequent exposures to de¬ 
ficiency of soil moisture. Assuming this, wilting during the early stages of 
development may be actually beneficial, especially during some seasons. 
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TABLE XI 

Summary or determinations made prom collections at 4:00 p. m. on soy bean, 47 

DAYS OP AGE, GROWN AT NEARLY OPTIMUM SOIL MOISTURE CONTENT; 

December 2, 3930 


Moisture 

content 

VOL. OF 
SAP PER 
100 GM. 
LEAVES 

Mean age 

OF LEAVES 

Freezing-pt. 
DEPRESSION 

OF SAP 

Osmotic 

PRESSURE 

Total 

water 

EXTRACTED 

per cent. 

CC. 

daps 

A 

atm. 

per cent. 

83.5 

53.3 

45 

0.776 

9.346 


83.3 

52.0 

41 

i 

0.778 

9.370 

62.5 

81.4 

52.2 

36 

0.776 

9.346 

64.1 

80.7 

54.5 

29 

0.739 

8.901 

67.5 

81.1 

60.8 

23 

0.671 

8.083 

74.9 

80.3 

63.3 

15 

0.658 

7.926 j 

78.8 


Effect of adding NaCl to soil solution on osmotic concentration 

OF PLANT SAPS 

A number of investigators have shown that sodium chloride added to 
the soil solution brings about an increase in the osmotic concentration. 
Harris and Pascoe (26) state that there is in general a positive correlation 
in cotton between the salinity of the soil and the osmotic concentration as 
measured in terms of freezing-point depression. In order to find whether 
soy bean of Manchu variety behaved in like manner, the following experi¬ 
ment was carried out. Plants were watered with a solution of 0.05 molar 

TABLE XII 

Effect of adding 0.05 molar solution of NaCl to soil solution in which soy bean 
PLANTS WERE GROWING; JANUARY 30, 1931 


Moisture 

CONTENT 

Mean age 

OF LEAVES 

Freezing-point 

DEPRESSION OF SAP 

Osmotic 

pressure 

per cen t. 

days 

°c. 

atm. 

84.2* 

38 and 35 

1.030 

12.400 

84.3 

29 and 22 

1.047 

12.604 

81.1 

20 and 30 

1.095 

33.180 

Check plants 




85.1 

39 and 36 

0.937 

11.284 

85.0 

31 and 25 

0.954 

11.488 

80.3 

22 and 14 

0.973 

11.716 
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concentration of NaCl, instead of tap water as for the check plants, in 
order to keep them at the desired soil moisture. The plants were collected 
at 9:40 a. m. for freezing and storage. 

The results (table XII) show that a 0.05 molar solution of NaCl added 
to the -soil solution increases the osmotic concentration in the case of the soy 
bean, variety Manchu. The percentage increase amounts to 9.68 when all 
tiers of leaves are considered together. 

Effect of varying soil moisture on osmotic pressure of the plant 

Soil moisture lias repeatedly been observed to have a marked influence 
on plant growth. When a plant is grown at or near a minimum soil mois¬ 
ture content, or when subjected to periodical wiltings, its anatomical struc¬ 
ture and development are profoundly influenced. Leaves of the soy bean 
when groivn under such conditions were about one-third to one-half as large 
as those grown under the optimum conditions of soil moisture. The leaves 
were a darker green, had a denser network of veins, and had a greater num¬ 
ber of stomata per unit area. According to Maximov (40), these structural 
changes, which may be termed “ xeromorphic, ’’ tend to increase transpira¬ 
tion and simultaneously to increase the gaseous exchange. He states, “by 
virtue of this, xeromorphic plants are distinguished not by a lower but by 
a higher rate of such processes as transpiration and assimilation.” 

The percentage of soil moisture is given (table XIII) in tenths (for ex¬ 
ample, as 9.5 instead of 9.0), because soil samples were taken from time to 


TABLE XIII 

Effect of soil moisture on freezing-point depression, thus osmotic pressure; so* 
BEAN PLANTS 38 DAYS OLD; COLLECTED AT 4 : 00 P. M. 


Date 

Variety 

^ Concen¬ 

tration BY 

REFRACTION 

Freezing 

PT.-DEPRES¬ 
SION OF SAP 

Osmotic 

pressure 

Soil 

moisture 

3930 



per cent. 

A 

atm . 

per cent. 

Nov. 

4 

Manchu 

7.4 

0.813 

9.791 

9.5 

Nov. 

4 

Manchu 

7.1 

0.809 

9.743 

10.4 

Nov. 

4 

Manclm 

0.5 

0.801 

9.647 

11.8 

Nov. 

5 

Illini 

5.7 

0.731 j 

8.654 

13.7 

Nov. 

4 

Manchu 

6.8 

0.789 

9.502 

15.0 

3931 

Jan. 

21 

Ebony 

5.3 

0.746 

8.985 

15.0 

Jan. 

21 

Ebony .. ; 

4.5 

0.728 

8.768 

16.2 

Jan. 

21 

Ebony | 

4.6 

0.715 | 

i 

8.612 

17.0 
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time and the percentage of water determined. Therefore when all of the 
results of the samples were averaged together, it gave 9.5 rather than 9.0 
per cent. None of the soil samples taken varied more than dt .9 of 1 per 
cent. These data show that the osmotic pressure varies with physiological 
scarcity of water. It is probable that still more marked differences might 
be obtained by the use of othef plants. 

The soy bean has not been found to be very drought-hardy. Likewise, 
these plants were grown under a constant soil moisture and a nearly uni¬ 
form temperature and humidity, which in all probability would influence 
the osmotic concentration. As previously pointed out, the subjection of a 
plant to periodical wiltings increases its osmotic concentration and prob¬ 
ably its hardiness against further loss of water. Greater difference in os¬ 
motic concentration has been pointed out between the preceding range of 
soil moistures; however, they were determinations made on plants grown 
out of doors, where they were subjected to great changes in soil moisture, 
humidity, and temperature. These changes tend to increase the osmotic 
concentration. 

Drabble and Drabble (11) were apparently the first to investigate the 
relation between osmotic pressure of the cell sap in plants and soil moisture. 
They found it to vary directly with the scarcity of wrater. Thus the present 
results substantiate their observations as well as those of some later investi¬ 
gators, previously mentioned. 

Gebhardt (18) has recently stated that the saps of plants of different 
systematic and ecological groups grown under the same soil conditions have 
about the same osmotic pressures. The results of Newton and Martin 
(45) do not substantiate this statement, and there are no marked indica¬ 
tions of this in the present investigation. 

Varietal differences in soy beans 

In soy beans there is a complete series of varieties ranging from very 
early to very late maturing ones. Observations have been made as to the 
comparative behavior of Ebony, Manchu, and Mandarin varieties with 
respect to hardiness when grown under partially controlled conditions. 

The teniperature of 75°-76° F. appears to be approximately optimum. 
All varieties were found to be sensitive to cool temperatures. A few pots of 
each variety, of the same age and grown under identical conditions, were 
placed in a lighted room at 38° dr 2° F. for a period of 72 hours, to see 
whether any difference could be noted in the varieties. They showed about 
an equal degree of sensitiveness to this temperature; however, Manchu and 
Mandarin showed a smaller degree of injury than Ebony. Sellschop and 
Salmon (54) found that Virginia soy beans were severely injured by an ex- 
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posure of 72 hours, whereas Manehu survived an exposure of 120 hours 
without injury, when subjected to a temperature of 0.5°-5° C. 

It was likewise desirable to know whether these varieties differed as to 
drought hardiness. A number of pots of each variety were planted and kept 
at constant soil moisture until they had attained a height of about 8 inches ; 
then they were placed upon a table and allowed to wilt severely before add¬ 
ing enough water to bring back the required soil moisture. The plants were 
permitted to wilt severely at three different times. After the last wilting 
they were left unwatered for 7 days. At the end of this period the soil in 
the pots was dry and the plants in a state of permanent wilting, several hav¬ 
ing perished. Water was again added to the soil, to permit the plants not 
already dead to recover. After a few days, record was made of those that 
had died and of those that had survived. It should be stated that severe 
wilting greatly reduces the yield, the percentage of which, however, was 
not determined in these plants. The results are given in table XIV. 


TABLE XIV 

Endurance to wilting of different varieties of soy bean plants 


Variety 

Number of plants 

Survival 

PERCENTAGE 

In experiment 

Which survived 

Manehu 

24 

10 

41.7 

Ebony . 

18 

6 

33.3 

Mandarin 

21 

31 

52.4 

Harbinsoy 

19 

8 

42.1 

Illini 

31 

5 

45.4 


The results (table XIV) show no marked difference between the varieties; 
however, Mandarin showed a slightly higher percentage of survival than 
any of the others. Since this is an early variety, possibly it has the poten¬ 
tiality of building up substances which aid it better to withstand drought 
conditions, although this can be determined only by more extensive studies. 

In a variety trial on frost resistance at Muskegon, Michigan, in 1909 
(48), the comparative resistance of varieties was reported as follows, the 
first being least injured: (1) Ogemaw; (2) Haberlandt, Ito San, Kingston, 
Guelph; (3) Habaro, Shingto, Manhattan, Brindle; (4) Jet; (5) Meyer, 
Chernie. Since the Ogemaw is a very early variety and was found to be the 
most resistant to frost, there may be a correlation between early varieties 
and resistance to cold and drought. Maturity of the plant is probably an 
important factor in either case, and one might expect the same variety to 
vary in cold and drought resistance, depending upon its stage of maturity. 
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Only slight variations of the osmotic concentration have been observed 
for the different varieties when grown under as nearly identical conditions 
as possible. This is probably to be expected since osmotic values have been 
found to be largely the result of the environment. However, it is not in¬ 
tended to discount the importance of osmotic properties in the water rela¬ 
tions of plants. This point will be touched upon again in connection with 
the bound-water studies. 

V. Bound-water studies in cabbage and milo 

There are undoubtedly many factors concerned in the ability of plants 
to survive a drought or a cold period; but, above all, the potentiality of a 
plant to build up hydrophilic colloids seems to be of the utmost importance. 
Newton and Martin (45) have recently pointed out the importance of these 
substances in relation to drought resistance. Rosa (52), in his studies on 
vegetable crops, found that the hardening process was accompanied by a 
marked increase in the water-retaining power of the tissues, due primarily 
to an increase in the imbibitional forces of the cell. He found that pen¬ 
tosans accumulate in cabbage and a few other vegetables during the 
“hardening off” process, and that this accumulation may be brought about 
either by exposure of the roots to deficient soil water for typical growth or 
by exposure to low temperatures. He used the dilatometer freezing method 
of Foote and Saxon (16) to determine the quantity of “free“ and “un¬ 
free” water in the tissue. This method is an indirect measurement of the 
sum of the osmotic and imbibition pressure of the plant cells. 

Newton and Brown (44) found that the percentage of proteins and 
pentosans in the total dry substance of wheat plants does not increase in 
the fall during the hardening process, and that the marked rise in the con¬ 
centration of these substances in the extracted plant juice is due to a re¬ 
duction in the moisture content of the tissue. These investigators found 
the proteins to constitute the bulk of cell colloids, pentosans being restricted 
almost entirely to the structural parts of the plant. It is altogether probable 
that pentosans of the cell wall play a role in drought and cold resistance. 
As has been previously pointed out in connection with the ability of the 
younger leaves to retain their water content during wilting, these water 
binding substances may be in different quantities in old and young cell 
walls. Doyle and Clinch (10) also found that there is no apparent con¬ 
nection between cold resistance and pentosan content of the leaves of 
conifers. Thus the work of these investigators indicates that pentosans play 
little if any part in cold and drought resistance of certain plants. 

Further experiments have been carried on to determine the effect of soil 
moisture on the percentage of bound water in milo and cabbage. The 
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bound-water method for the cabbage plant has been checked against the 
“hardening off” process by low temperatures. The low temperature 
method has been used by Harvey (28) and others. Cabbage plants were, 
used because they can be hardened easily, the evidences of freezing injury 
can also be readily seen, and varieties with known and relatively uniform 
hardening capacity are available. Milo is also known to be resistant to 
drought. The milo seed was secured from the University of Arizona. 
Four varieties of cabbage were used: Early Jersey Wakefield, Charleston 
Wakefield, Copenhagen Market, and Late Drumhead. Only a few varieties 
are adapted for early spring and fall planting. In the region of Norfolk, 
Virginia, the Jersey Wakefield, Copenhagen Market, and Charleston Wake¬ 
field have been found superior in winter resistance; therefore studies have 
been made to determine the reasons for this superiority in winter resistance 
and to test the possibly important factors of drought and cold resistance. 

Two constant temperature chambers were used for securing the low 
temperatures desired. These chambers were equipped with accurate elec¬ 
trical temperature controls and the low temperatures established by re¬ 
frigeration. A light was left burning in the chambers so that etiolation 
did not occur during the * 4 hardening off” process. Great care was taken 
to eliminate differences in exposure of the plants to this light. 

Instead of pre-freezing the tissue used (table XV) with solid carbon 
dioxide, the method of grinding in a food grinder was used before extraction 
under pressure. The results presented show in general that cabbage and 
milo when grown in a soil with abundance of available moisture exhibit a 
smaller tendency toward the development of hydrophilic colloids, thus the 
decreased percentage of bound water; whereas when the plants are pro¬ 
vided with less available soil moisture or subjected to periodical wiltings 
the onset of drought conditions causes a greater proportion of the water in 
the cells to be changed from a free to a bound state. Newton’s (20) data 
indicate that the elaboration of the hydrophilic colloids does not take place 
under greenhouse conditions, but is the result of subjecting the plants to a 
period of progressively decreasing temperatures. Rosa’s (52) work shows 
that pentosans accumulate in cabbage as a result of depriving the roots of 
available moisture. The present findings substantiate those of Rosa, since 
the hydrophilic colloids are increased, as indicated by the increase in per¬ 
centage of bound water when the plants were subjected to periodical wilt¬ 
ings. 

The data given under ‘ ‘ concentration * ’ in table XV indicate consider¬ 
able increase of dry substance in plants exposed to drought “hardening off” 
conditions. This is especially noticeable in the more hardy varieties, as 
Early Jersey Wakefield. Milo also shows a considerable increase in dry 
substance. In general the water content may be said to decrease in drought 
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TABLE XV 

Bata on cabbage and milo grown in the greenhouse at different soil moisture contents 


Date 

(1931) 

Plant 

Age of 
plant 

Soil 

mois¬ 

ture 

Concen¬ 

tration 

byre- 

fraction 

Freez- 

1NG-PT. 

DEPRES¬ 

SION 

Bound 

WATER 


Cabbage 

days 

per cent . 

per cent . 

A 

per cent . 

Mar. 3 

Charleston Wakefield 

45 

15.9 

8.7 

1.087 

5.22 

Mar. 3 

Copenhagen Market 

45 

15.9 

8.1 

0.964 

5.35 

Mar. 5 . .. 

Late Drumhead 

47 

15.0* 

8.6 

1.022 

5.13 

Mar. 5 

Early Jersey Wakefield 

47 

15.0* 

8.2 

0.892 

6.53 

Mar. 10 ... . 

Early Jersey Wakefield 

52 

14.0 

8.4 

1.072 

7.90 

Mar. 10 

Late Drumhead 

52 

14.0 

Period¬ 

8.9 

1.139 

6.80 

Mar. 13 

Late Drumhead 

55 

ically 

wilted 

10.6 

1.335 

6.10 

Mar. 13 . . 

Charleston "Wakefield 

55 

n 

i i 

10.2 

1.347 | 

7.30 

Mar. 13 . . 

Early Jersey Wakefield 

55 

< < 

(( 

11.0 

1.208 

9.53 

Mar. 17. . 

Milo 

40 

i < 

(( 

8.9 

1.069 

6.89 

Mar. 17 

Milo 

40 

15.0 

7.8 

0.69U 

4.30 

Feb. 9 .. . 

Milo 

62 

17.0 

6.2 

0.659 

3.61 


Coefficients of correlation 

n 

r 

Concentration and osmotic pressure 

12 

1 0.94 =: 0.022 

Concentration and bound water . 

12 

j 0.66 ± 0.109 

Osmotic pressure and bound water j 

12 

- 

0.54 r: 0.13 


* An equal number of plants chosen from chambers of 14, 15, and 16 per cent, soil mois¬ 
ture. 

and cold-hardened plants in proportion to the extent to which their growth 
is checked by the hardening treatment. It is obvious that any hardening 
process greatly influences growth. This has been noted previously in the 
study of periodical wilting. 

The depression of the freezing point was somewhat greater for the 
drought-hardened plants. Similar results have been obtained by other 
investigators,* as Chandler (7), Harvey (27), Rosa (52), and others, most 
of whom worked with cold-hardened plants. The differences found here 
are somewhat greater than those found by Harvey and Chandler. This 
is perhaps due to the severe treatment used. 

One of the most important factors involved in the increased osmotic 
concentration of hardened plants is the decrease in moisture content; an¬ 
other is the increase of sap solutes, as sugars; and, lastly, an increased 
amount of water in the bound state. A number of investigators have found 
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an increase of soluble sugars in plants exposed to low temperatures, and 
recently Iljin (31) reported this to be true for plants growing in very dry 
habitats. 

It may be pointed out that both drought- and cold-hardening processes 
in plants are accompanied by a marked increase in the wat£r-retaining 
power of the cells that enables them upon freezing to retain a large pro¬ 
portion of their water content in the unfrozen condition or state. Figure 5 



Fio. 5. Showing results of drought and cold hardening: nos. 1 and 2 are Copen¬ 
hagen Market; nos. 3 and 4 arc Late Drumhead. Nos. 1 and 3 hardened by exposure 
to severe wiltings; nos. 2 and 4 hardened by placing in cold chamber. 

shows four plants of two different varieties, Late Drumhead and Copen¬ 
hagen Market: (1) Copenhagen Market hardened by exposure to severe 
wiltings; (2) Copenhagen Market hardened by placing in a cold chamber 
which was maintained at 3.5° C. for 5 days; (3) Late Drumhead, given 
treatment identical with that of no. 1; (4) Late Drumhead, given same 
treatment as that of no. 2. These plants after being hardened were placed 
in a cold chamber, which was maintained at a temperature of -4.5° C. for 
18 hours. They were then transferred back to a chamber at 3.5° C. for a 
few hours, before removing to the greenhouse. The plants were photo¬ 
graphed the following day. These facts afford further evidence of a 
close internal connection between the phenomena of freezing and desiccation. 

Hardy varieties of cabbage possess the potentiality to initiate these 
changes which aid in retaining the water content of the cells against 
desiccation, whether it be by freezing or drying. However, there seems to 
be a slight difference in ability, even among so-called hardy varieties. 
Cabbage and milo harden readily, and certain varieties of cabbage can 
withstand drought gnd quite low temperatures, but soy bean seems to lack 
this potentiality. 
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Figure 6 shows the differences in the varieties of cabbages to withstand 
low temperature. The plants shown in this photograph were representative 
ones chosen from those studied on March 13 (table XV), with the addi¬ 
tion of the variety Copenhagen Market. This comparison of the two 



Fig. 6. Showing differences in the varieties of cabbages to withstand low tempera¬ 
tures: nos. 1 and 2 are Charleston Wakefield; nos. 3 and 4 are Copenhagen Market; nos. 
5 and 6 are Early Jersey Wakefield. 

methods for the study of hardening in plants was made to see whether any 
correlation existed between the percentage of bound water, as determined 
by juice analyses, and the ability of these varieties to withstand low 
temperature. The plants shown in figure 7 were placed in the chamber 
maintained at a temperature of -4.5° C. for 12 hours. The photograph 
was taken the following day. Plants nos. 1 and 2 are Charleston Wake¬ 
field ; nos. 3 and 4 are Copenhagen Market. Sap analyses were not made 
on these latter plants, but they were given identical treatment with those 
compared. Nos. 5 and 6 are Early Jersey Wakefield. There is a correla¬ 
tion between the two methods of determining the ability to retain their 
water contents. The Early Jersey Wakefield plants were the only ones 
that survived this treatment and continued their growth processes. 

Figure 7 show's the effect of variation in soil moisture on cold resistance 
of two varieties of cabbages. Plants nos. 2, 4, and 6 are Early Jersey Wake¬ 
field; and nos. 1, 3, and 5 are Late Drumhead. Plants 1 and 2 were grown 
in a soil with 14 per cent, moisture; nos. 3 and 4 with 15 per cent.; and 
nos. 5 and 6 with 16 per cent. The plants were subjected to a temperature 
of 3.5° C. for 5 days, then transferred to a temperature of -4.5° C. for 12 
hours. All of the plants died in a few days, with the exception of the 







GREATHOUSE: PROPERTIES OF PLANT SAPS 


383 


Early Jersey Wakefield plants which were grown at 14 per cent, soil 
moisture, and these finally died after a period of two weeks. Both methods 
of study place the varieties of cabbages used in the order named, so far as 
hardiness is concerned: Early Jersey Wakefield, Copenhagen Market, 
Charleston Wakefield, and Late Drumhead. 



Fig. 7. Effect of variation in soil moisture on cold resistance of two varieties of 
cabbage: nos. 2, 4, and 6 are Early Jersey Wakefield; nos. 1, 3, and 5 are Late Drum¬ 
head. 

Recently Harvey (29) studied the effect of different treatments for 
hardening plants, using a single uniform variety of cabbage. From this 
investigation he suggests that hardiness in plants is a cold shock response. 

VI. Correlations of various factors 

Freezing-point depression and leaf temperature 
Values for the freezing point of the extracted sap and the leaf-tempera¬ 
ture departures were obtained for leaves in age groups from 30 to 4 days; 
these data are presented in tables VI, VII, and VIII. The leaf tempera¬ 
tures and freezing-point values for these groups are found to be correlated 
to the extent of -0.61 db 0.15. The correlation is not marked and does not 
indicate a very close relationship between the changes in leaf temperature 
and the concentration of the extracted sap. Livingston (37) and Drabble 
and Drabble (11) pointed out that an increase in the concentration of a 
solution does not reduce the vapor pressure enough to reduce effectively 
the rate of evaporation. On the other hand, Eaton (12) found a high 
correlation between leaf temperature and depression of freezing point, and 
he concludes that low sap concentrations are conducive to high transpira- 
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tion rates and reduced leaf temperatures. It should be realized that his 
correlations are based on leaves studied on one date and time, namely, Sep¬ 
tember 2, between 2:17 and 2:47 p. m. Data of table V show that if collec¬ 
tions are made at different times in the day the gradient of the osmotic 
concentration will be greatly influenced; however, in none of the determina¬ 
tions on leaf temperature were older leaves found to be cooler than the 
younger (upper) ones. 

Any mechanism which limits evaporation makes high osmotic pressure 
less necessary. Data in table IX show that young (upper) leaves retain 
their turgidity for a longer period than older (lower) ones. As previously 
stated, it is believed that osmotic pressure plays only a small part in this 
phenomenon. None of the data in this investigation seems to substantiate 
Eaton's conclusions on the relationship between extracted sap and leaf 
temperature and that osmotic pressure plays the important part in retain¬ 
ing the water within the leaf cells. 

The coefficient of correlation r between the properties measured, and 
the number of cases n on which they are based, are given for the cab¬ 
bages and milo at the end of table XV. The properties measured were 
concentration of the juice, osmotic pressure, and percentage of bound 
water. 

The concentration of juice and osmotic pressure are found to be corre¬ 
lated to the extent of 0.94 zfc 0.022; the concentration and percentage of 
bound water to the extent of 0.66 dt 0.109; and the osmotic pressure and 
bound water to the extent of 0.54 dr 0.13. 

There seems to be no marked correlation between osmotic pressure and 
percentage of bound water. This indicates that while both of these fac¬ 
tors may be related to drought and cold hardiness, they cannot both be a 
direct index to this phenomenon. 

It was possible in most cases to classify the varieties of cabbages as to 
their ability to withstand low temperature by determining the percentage 
of bound water in the extracted juices. On the other hand, osmotic pres¬ 
sure afforded no marked indication of ability to withstand low temperature. 
Frequently the osmotic pressure would be greater for the variety which 
gave the lowest percentage of bound water and for the plants which were 
the most easily affected by the low temperature. Osmotic pressure is there¬ 
fore probably not characteristic, but controlled mainly by habitat condi¬ 
tions. The soy beans and cabbages that were grown under nearly identical 
conditions showed only slight variations in osmotic pressure. It is strongly 
indicated that osmotic pressures are largely the result of environment. 

The percentage of bound water of the fresh juice seems to be the best 
index of drought and cold hardiness, with concentration of the juice show¬ 
ing considerable relation to moisture adaptations. It is not intended to 
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discount; the importance of osmotic pressure in the water relations of plants, 
but this relationship has probably been over-emphasized. There seems to 
be little doubt that osmotic pressure and imbibition pressure are closely 
connected in the water relations of plants. There are also some indications 
that osmotic pressure varies characteristically in certain ecological types; 
it seems to be slightly higher in the soy bean and cabbage than in the sun¬ 
flower when grown under as nearly identical conditions as possible. It 
should also be pointed out that the percentage of water seems to be in¬ 
fluenced by the percentage of soil moisture in which the plants are grown. 
However, the percentage of bound water seems to be more stable than 
the osmotic pressure. 

VII. Summary 

3. The more important methods which have been used in the treat¬ 
ment of leaves before the extraction of tissue fluids are presented. Experi¬ 
mental data are given in an attempt to evaluate these methods as to their 
advantages and disadvantages. 

2. The moisture content may be read approximately by a refractometer, 
provided there is applied a suitable correction which has previously been 
determined experimentally. 

3. Extracted plant juice stored at 0° and 20° C. increased gradually 
in osmotic pressure, as determined by the freezing-point depression, with 
time and the respective temperatures. The technique followed in this in¬ 
vestigation largely avoids any errors which might be due to these causes. 

4. With the approach of maturity, the moisture content of the leaf tissue 
decreased rather rapidly, causing corresponding increase in concentration 
and osmotic pressure of the sap. 

5. The osmotic gradient within the plant was found to be just the re¬ 
verse, when collections were made at 10: 30 a. m. and 4: 00 p. m. respectively. 
The freezing-point depression of the extracted tissue fluids decreased from 
the older leaves to the younger, for the material collected at 4:00 p. m. ; 
whereas it increased from the older leaves to the younger, for the material 
collected at 10: 30 a. m. A partial explanation for this difference is pro¬ 
posed. 

6. The leaf-temperature measurements were made by the thermo-elec¬ 
trical method, in terms of the departures of the leaf temperature from the 
temperature of the air. The younger leaves were found to be cooler than 
the older ones. The leaf temperatures and the freezing-point values were 
found to be correlated to the extent of - 0.61 dt 0.15. This correlation 
is not marked and does not indicate a very close relationship between the 
changes in leaf temperatures and the concentration of extracted sap. 
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7. Periodical wilting has a marked effect upon plant growth, structure, 
and properties of plant juice. 

8. 'No marked differences were noted in varieties of soy beans as to 
osmotic concentration, ability to withstand wilting or chilling, and time of 
flowering, when grown under nearly uniform conditions. 

9. Determinations were made of the concentration of the juice, osmotic 
pressure, and bound water of expressed sap of the leaves of milo and dif¬ 
ferent varieties of cabbages. The percentage of bound water was de¬ 
termined on the juice of these cabbages, and at the same time a few repre¬ 
sentative plants were placed in a cold room. The two different methods of 
treatment show a high correlation. 

10. On the basis of bound-water studies, elaboration of the hydrophilic 
colloids is thought to occur under greenhouse conditions, when the plants 
are subjected to periods of progressively decreasing soil moisture. 

11. The varieties of cabbages could be classified very satisfactorily with 
respect to withstanding low temperature, on the basis of the bound-water 
content of the fresh juice. 

12. It is believed that a high colloidal content reduces the rate of 
abstraction of water from the leaf tissue when exposed to low temperature 
or high transpiration rates, and probably confers upon these leaves the 
ability to withstand desiccation caused either by evaporation or ice formation. 

The writer wishes to acknowledge his indebtedness to Professor Charles 
F. Hottes, who suggested this investigation and aided in the direction of 
the work. The writer is also indebted to Professors F. A. Wolf and Hugh 
L. Blomquist for time and effort generously given, and their kind 
cooperation. 

University op Illinois, 

Uebana, Illinois. 
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COMPOSITION OF CURRENT AND PREVIOUS SEASON’S 
BRANCH GROWTH IN RELATION TO VEGETATIVE 
AND REPRODUCTIVE RESPONSES IN 
PYRUS MALUS L. 1 

Walter Thomas 

(with five figures) 

I. Introduction 

The purpose of this experimental project was to determine the response 
of gpple trees to different combinations of the principal fertilizer con¬ 
stituents, nitrogen, phosphorus, and potassium, but with the elimination of 
the variables usually present in most field experiments. The phase of the 
investigation reported in this paper is concerned with the association of 
vegetative and reproductive responses to the internal conditions as repre¬ 
sented by analysis of metabolically active tissues at different periods in 
the growtli cycle. 

1. Principal nutrient elements 

Although, as is pointed out by Livingston (96), it is conceivable from 
the physiological viewpoint that conditions may be found under which any 
element other than the traditional ten is essential to growth, experience has 
shown that cultivated plants are, under ordinary field conditions when the 
percentage base saturation (152) is not the limiting factor, far more sensi¬ 
tive to changes in the nitrogen, phosphorus, and potassium content of soils 
than to any of the other elements. There is evidence (2,139,166) that the 
peculiar and characteristic effects of nitrogen, phosphorus, and potassium 
may be due to the greater motility of their ions and, in the case of potassium, 
to the effect on the streaming rate of protoplasm. Colla (30), for example, 
finds that potassium has a greater effect in increasing the streaming rate 
of the protoplasm of Char a crinita than sodium or magnesium. But, what¬ 
ever may be the mechanism of their action, the existence of the fertilizer 
industry is sufficient evidence of the agricultural economic importance of 
these three elements. From the standpoint of behavior and function, there 
is great need for more definite information concerning the r 61 e played by 
each of these dominant nutrient elements with respect to growth, reproduc¬ 
tion, and other physiological functions. 

i Presented before the American Society of Plant Physiologists at the Cleveland 
Meeting of the American Association for the Advancement of Science, 1930. 

Publication authorised by the Director of the Pennsylvania Agricultural Experi¬ 
ment Station as technical paper no. 548. 
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2. Sequence of distribution of variations in concentration of 

ELEMENTS WITH RESPECT TO TIME 

The experiences of the last decade (18, 46, 47, 69, 86, 86, 87, 88, 
89, 90, 91, 174, 201) have confirmed and extended the value of the earlier 
investigations (230, 231) in which the concentration of certain elements or 
groups of elements was determined in the metabolically active tissues at 
critical periods in their vegetative development. Investigations of this 
type have proved of special service in the diagnosis of the nutritive condi¬ 
tions produced in plants by the application of different combinations of the 
principal nutrient elements. In this way we may describe metabolic proc¬ 
esses with reference to their sequence of changes with respect to time. 
Although this method of approach does not necessarily enable the “causal 
relations” (97) to be determined but probably only the “residual effects” 
(antecedent influential conditions), the knowledge obtained from studies of 
this type supplies a valuable picture of the dynamics of physiological 
processes. Experiments planned in this manner have already enabled the 
investigator to detect quantitatively the lack of optimum (well-balanced) 
nutritive conditions and to prescribe remedial measures (208). 

The sequence of changes with respect to the chemically reactive ions or 
reactive groups determined in this manner is not sensibly influenced by 
the range of variation in the meteorological conditions hitherto encountered 
in experiments with fruit trees. This is indicated by the similarity in 
direction of and relative magnitude of the seasonal changes of reactive 
groups or complexes, such as glucose, sucrose, starch, and also of the 
elements potassium and phosphorus in the present experiments compared 
with those reported under widely different meteorological conditions for 
the same species by others (69, 122). The writer has also obtained indica¬ 
tions (201, 202) that the seasonal variations ( i.e ., the time-concentration- 
curve) of the various nitrogen fractions throughout a vegetative cycle have 
also been affected primarily by internal causes. 

3. Mechanism of fertilizer action 

The present investigation is characterized by a remarkably rapid but 
differential response of the plants to relatively small applications—low 
concentrations—(page 396) of the elements nitrogen, phosphorus, and 
potassium, the response varying according to the combination in which these 
elements are present. Marked differentiation between the trees of certain 
treatments was apparent even within a period of six weeks after applica¬ 
tion of the nutritive elements, and the differences in response became more 
intensified as the experiment progressed. How do such small quantities 
have such marked results! How have these trees grown so differently? 
Is the mechanism of fertilization one of compensation or of stimulation? 



THOMAS: COMPOSITION AND RESPONSES OF APPLE TREES 


393 


According to Liebig’s (94) “mineral theory ,’ 9 fertilizers are effective 
only in so far as they supply to the soil the mineral elements in which the 
soil is relatively deficient. In 1903 Whitney and Cameron (224, 225) 
stirred the scientific world by the announcement that plants obtain their 
nutrients from the substances already existing in the soil solution . The 
theory was advanced that the soil solution was approximately constant in 
composition, viz., a saturated solution of the minerals common to all soils, 
and that accordingly the soil solution was in simple equilibrium with the 
soil-forming minerals. The addition of fertilizers, therefore, according to 
these investigators, could not increase the concentration of the soil solution. 
Any response to applications of nitrogen, phosphorus, or potassium by 
plants was attributed by Wiiitney and Cameron to their action on the phys¬ 
ical properties of the soil, to their effect in neutralizing toxins, and also to 
their catalytic or stimulatory action. This view was vigorously disputed, 
especially by Hopkins (73), and also by the Rothamsted group (56, 168) 
who showed the fallacies of this conception. Experimental evidence has 
now accumulated showing that the concentration and composition of the 
soil solution are continuously changing (20, 66, 177, 186, 217), being modi¬ 
fied by several factors: (a) the amount of soil moisture, (b) the rate of 
absorption and utilization of elements by the plant, (c) the respiratory 
coefficient of the roots, and (d) the activity of the microorganisms of the 
soil and of the rliizosphere. 

The theory of activation as opposed to compensation has recently been 
revived by Italian investigators, especially by Magrini (108). The latter 
concludes that fertilizers act to stimulate the plant to absorb certain other 
nutrients found in the soil. But as the sole evidence submitted in support 
of the theory is the observation that only a negligible quantity of the nitro¬ 
gen of the subsoil is removed by the crop after each cultivation, this would 
seem to be insufficient to justify the conclusion. 

4. Effects of salts on the soil solution 

Numerous investigators (43, 51,182, 213, 218) have shown that fertilizer 
salts produce highly complicated effects. They may cause marked changes 
in the composition of the soil solution. For example, it has been shown by 
the writer (197) that the addition of CaH 4 (P0 4 ) 2 to the Hagerstown silty 
clay loam soil used in these experiments increased the Fe and A1 in the 
soil solution, and that NaNO s and K 2 S0 4 increased the amount of P0 4 in 
solution, whereas both CaH 4 (P0 4 ) 2 and K 2 S0 4 increased the amount of Na 
in solution. The effect of fertilizers, accordingly, will necessarily depend 
on the resultant effect on the dominant nutritive ions of the soil solution 
(208). The reciprocal effects of nitrogen, phosphorus, and potassium in 
relation to their absorption by plants has been treated in detail by the 
writer in another paper (208). 
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5. DO BOOTS DERIVE THEIR NUTRIENTS FROM A SOLUTION 
MUCH MORE CONCENTRATED THAN THAT OBTAINED 
BY DISPLACEMENT METHODS? 

This question is of paramount importance, for upon its answer depends 
the validity of the interpretation of the results of experiments which have 
for their purpose the determination of the critical concentrations of essential 
ions, i.e., the concentration with respect to any element or ion below which 
the total absorption by the plant per unit of time is inadequate. 

Many plant physiologists suggest that the chemotropic property 
possessed by the fine roots causes the root to grow from regions of low con¬ 
centration of solutes to regions of higher concentrations. These regions 
of high concentrations would, presumably, be produced initially by the 
action of the C0 2 and other acids formed in the metabolic processes of the 
microorganisms growing around the colloidal and mineral complex of the 
soil particles (103). The mechanism involved may be explained in part 
at least by the Gibbs-Donnan law (34, 35, 208) and in part by the processes 
discussed in detail by Mattson (116, 117, 118, 119,120). Diffusion proc¬ 
esses then would result in the formation of a series of concentric zones of 
progressively decreasing concentration of solutes. As the plant grows the 
carbon dioxide evolved in the respiration of the roots becomes the dominat¬ 
ing factor in the dissolution of the soil particles (207), furthering the 
formation of these concentric zones of decreasing concentration. It follows 
that one of the fundamental problems in studies on the interrelationship 
between plant and soil is the question whether plants can or cannot absorb 
colloids (204), and whether the actual soil solution can be obtained by any 
of the numerous procedures proposed to achieve this purpose, such as water 
extraction (17, 19, 68, 217), pressure (95, 125, 162, 216), displacement 
(31, 74, 148, 171, 216), centrifugal (15, 16), and freezing-point (64) 
methods. 

An examination of the data by Burd (17, 19), IIoagland (64, 67, 68), 
Millar (121), Parker (148, 149, 153), Stewart (186), Teakle 
(195), and also by the writer (197) indicates that the soil solution obtained 
by displacement methods gives in the case of slightly acid or neutral soils 
a rather close index of .the magnitude of the critical concentrations for dif¬ 
ferent plants of the principal nutrient ions and of the supplying power 
of the soil with respect to these ions. It has frequently been observed (19, 
52, 149), however, that crop growth is not related to the concentration of 
phosphate in the soil solution. For a critical analysis qf the anomalous 
position of phosphorus the reader is referred to papers by Burd and Mar¬ 
tin (21), Greenhill (52), and Tidmore (209). 

It is of interest to note that the critical concentration for P0 4 may be 
as low as 0.20 p.p.m. in flowing cultures for corn (149, 209), and the critical 
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concentration for K in the case of alfalfa and clover may be under 0.5 
p.p.m., although relatively higher values for some plants are reported, e.g., 
1 p.p.m. P0 4 for barley (67) and over 4 p.p.m. K for tomatoes (78). It 
must be noted, however, that Trelease and Livingston (212) have cau¬ 
tioned against the attempt to determine the comparative physiological 
values of different nutrient solutions without a knowledge of the climatic 
conditions under which the tests are made. 

Specific soils, of course, vary in their ability to renew a particular nutri¬ 
ent in the soil solution at suitable levels of concentration, i.e., above the 
critical concentration; and this power of renewal will depend upon the 
resistance to decomposition of the mineral particles and to the nature of 
the colloid complexes. It is necessary, too, to distinguish between the two 
forms of soil solution: the micellar solution, being an integral part of the 
micelle itself, cannot be renewed. 

6. Absorption of mineral elements 

In earlier papers the writer (204, 205, 206, 207, 208) has discussed some 
of the factors determining the absorption of nutrient elements by the plant. 
The effect or action of a specific ion under given conditions of light and 
temperature as related to its absorption and utilization within the plant is 
dependent upon the concentration of the media, upon the nature of the 
other ions present, and upon the ratio of the concentrations of equally 
charged ions to one another. 

There are a number of experiments (65, 109, 163, 196) which indicate 
that variations in the total concentrations of ions may have less effect on 
metabolism than changes in the proportion of the ions. Since continual 
fluctuations in the concentration and ratio of the nutritive ions in the soil 
solution occur, it might be expected that by the processes of adaptation 
plants would be gradually adjusted to somewhat wide variations in this 
respect; or, as Hoagland (67) expresses it, “there is no doubt that all kinds 
of interionic effects occur during absorption, varying with the composition 
and concentration of the culture solution, stage of growth and climate.” 

The soil conditions involved in an adequate understanding of the prob¬ 
lems connected with the interrelationship of the plant and soil have been 
briefly sketched here in order that the reader may keep in mind the sig¬ 
nificance of the substrate in relation to the facts brought out in this paper. 
Only the analyses of the plant are reported; the soil conditions have been 
discussed in previous papers (198, 208). 

II. Materials and methods 

1. Soil used 

During the period 1918-20, the late William Frear and the writer 
made several attempts to obtain information regarding the effect of the 
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principal fertilizer elements on the internal conditions of apple trees grow¬ 
ing in the experimental orchards then conducted by the Pennsylvania State 
College throughout the State. But, inasmuch as no consistent results 
could be obtained, this plan was abandoned for one in which soil and also 
stock variations were eliminated. This was accomplished by the use of 
boiler-plate cylinders, 42 in number, 5 feet in diameter and 5.5 feet deep, 
which were sunk into the ground and filled with a virgin soil (a silty clay 
loam of the Hagerstown series) adjoining a strip of woodland adjacent to 
the college experimental orchard. The complete chemical and mineralogical 
analyses of this soil have been reported elsewhere (198). Six inches of 
crushed limestone were placed at the bottom of each cylinder to prevent 
capillary rise of the surrounding soil into which the cylinders were sunk. 
The soil used in these cylinders was removed by layers and each horizon 
was thoroughly mixed during a period of many months before introduction 
into the cylinders in October, 1921. The total weight of soil used was 210 
tons. This soil was then allowed to remain fallow for one year to permit 
the effects of the climatic factors on the physical, chemical, and micro¬ 
biological conditions to become uniform in all cylinders. 

2. Planting 

In the spring of 1922, standard stocks vegetatively propagated from a 
single parent secured from the East Mailing Agricultural Research Station, 
England, whip-grafted to Stayman Winesap scions, were planted. The 
scions were obtained from a tree whose performance was known for two bud 
generations (3). Growth measurements made at the end of the years 
1922, 1923, and 1924 before fertilizer applications were made show T ed no 
significant differences between the trees in adjacent rows (3) (table II). 

3. Fertilizer treatment 

Nitrogen, phosphorus, and potassium were supplied in the form of C.P. 
salts, singly and also in the various combinations shown in the diagram 
(fig. 1). Analysis gave NaN0 3 , 16.45 per cent. N; CaH 4 (P0 4 ) 2 * 2H 2 0, 
56.30 per cent. P 2 O 0 ; and K 2 S0 4 , 53.40 per cent. K 2 0. The following 
amounts per .tree were added: NaNO„ 918 gm.; K 2 S0 4 , 293 gm.; and 
CaH 4 (P0 4 ) 2 • 2H 2 0, 534 gm., equivalent per acre of 100 trees to 35 lb. N, 
35 lb. K g O, and 70 lb. P 2 0 5 . If calculated in terms of percentage amounts 
present in the first 8 inches of surface soil (horizon A), the amounts added 
are equivalent to 0.0054 per cent. N, 0.0054 per cent. K 2 0, and 0.0108 per 
cent. P 2 0 5 , respectively. These quantities of salts were not applied at one 
time; the first application was made in April, 1925, and the second on 
May 3,1925. 
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Fig. 1. Plan of experiment. 


It should be noted that none of the trees bloomed before the treatment 
with fertilizers, i.e., there were no blossoms in the spring of 1925 and, there¬ 
fore, no fruit buds were formed in 1924. On May 12, 1926, the year fol¬ 
lowing the fertilizer additions, the trees were deflorated, i.e., the flower 
buds were removed just before the normal opening of flowers, to eliminate 
the influence of reproductive activities and fruit dominance on the growth 
and composition of the actively growing tissues (9, 127, 128). 

4. Selection of samples for analysis 
Inasmuch as this investigation was not concerned with the dynamics of 
the photosynthetic processes, but rather with the relationship of the internal 
changes produced by the principal nutrient elements to the vegetative 
and reproductive responses, it was decided in the first instance to examine 
the organs used for transport of food and for storage. The question then 
was, to what extent does the composition of the current and previous sea¬ 
son’s branch growth reflect the changes in metabolism which resulted in 
such striking differences in the growth of the trees in this experiment J 
Kraybill, Potter, and Wentworth (84), Loomis (100), and also 
Potter and Phillips (156, 157) suggest that the samples for analytical 
examination should be confined preferably to new spur growth, the spurs 
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being nothing more than lateral branches which for some reason have made 
only limited growth. In the present experiment it was at the outset con¬ 
sidered doubtful whether the spurs would provide sufficient material for 
the work planned. But even so there are sound reasons why investigations 
bearing on the internal factors associated with growth and fruit-bud forma¬ 
tion should not be confined to the spurs alone. 

A. Reasons for chemical examination of branch growth. —The 
chemical examination of the current and previous season’s branch 
growth is of importance (201), for changes in the metabolic direc¬ 
tion of the living cells of the woody stems must precede those in the 
developing bud. Hence, in the last analysis, conditions further back in 
the tree would a priori be expected to have considerable influence on the 
chemical system determining growth and fruiting. The investigations of 
Hooker (70) and of Hooker and Bradford (72), moreover, indicate that 
the variations in the chemical composition of bark taken from the scaffold 
limbs parallel closely those in the spurs, new growth, and last year’s branch 
growth. And the writer (201, 202) has shown that, in so far as the nitrogen 
cycle is concerned, the seasonal variations in concentration of the various 
nitrogen fractions parallel one another in the current and previous sea¬ 
son’s branch growth. 

B. Do individual branches and spurs act as a unit? —The 
principal difficulty in sampling fruit trees lies in obtaining homo¬ 
geneous material without sensibly changing the nutritive conditions. If it 
could be shown that each spur acts as a unit, then errors arising from 
variability would cease to be much of a factor, even when only a few trees 
are available for analysis. Experimental and observational work exists 
that might seem to support the theory that individual branches and spurs 
act as a unit (8, 105, 166, 226). Thus, Auchter concluded from experi¬ 
ments on apple trees that mineral nutrients absorbed by the roots on one 
side of a plant are in large measure translocated to and used only by the 
trunk, limbs, and leaves directly above them; i.e., there is no cross-over 
from one sector to another. But, as NaNO s was the only .salt used in 
Auciiter's .experiments, and in view of the writer’s results that nitrates 
are for the most part reduced in the fine roots of Pyrus mains (203), the 
possibility exists that Aitciiter ’s conclusions are valid only for organic 
materials (Which move only in the phloem tissue) and not for the mineral 
(i.e., ash) materials (29, 111, 112, 113, 114, 115). Neither the observa¬ 
tions of Hardy (57) nor of Mack (107) support the view of the individ¬ 
uality of the spur. The latter found a uniformity of behavior of all spurs 
with respect to “off-year” bearing, “on-year” bearing, and “biennial” 
bearing. 
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( These conflicting views may, perhaps, be reconciled when consideration 
is given to the fact that a fruit tree, although in effect a single organism, 
may be treated as a colony of competing units (11, 62). But even so the 
idea of independence can be carried too far, for a spur deprived of its own 
leaves can receive enough nutrient supply from adjacent parts of the tree to 
function actively (62). Moreover, the behavior of different varieties of 
fruit trees differs in this respect (62). 

5. Collection of samples 

On September 1, 1925, and succeeding dates (tables V to IX), samples 
of the current and previous season’s branch growth were taken in the man¬ 
ner already described (200, 201) from the trees growing in the rims that 
were seeded to bluegrass on May 27, 1924, i.e., from the trees growing in sod. 
In the following year (1926) samples were taken on April 4, June 21, 
August 15, and November 1. These periods may be characterized as fol¬ 
lows : September 1, period of cessation of active growth; April 4, period of 
bud swelling; June 21-August 15, period of active growth; November 1, 
leaf fall and beginning of period of winter rest. As a matter of record, a 
summary of the meterological conditions is appended in table I. 

TABLE I 

Summary of meteorological data 


Dates 

Mean 

MAXI MUM 

Mean 

MINIMUM 

Bainfall 

Sunshine 

Humidity 



° F. 

°F. 

inches 

per cent. 

per cent. 

1925 







Aug. 15-Nov. 

1 

67.4 

48.5 

5.78 


81.5 

1926 







Apr. 4-June 

30 

69.2 

43.4 

7.34 

70.4 

72.5 

June 30-Aug. 

15 . 

83.0 

61.4 

5.35 

61.4 

80.3 

Aug. 15-Nov. 

1 

68.5 

50.4 

12.41 


87.1 


6. Separation of bark and wood 

The bark (periderm, cortex, phloem) was separated from the wood 
(outer xylem, inner xylem) and each analyzed separately. In the present 
work no attempt was made to divide the complex constituents (tissues) of 
the bark and xylem, although it is realized that very limited regions may 
be involved in a particular response (211, 215). 

Gradients. —There undoubtedly do exist slight differences in composi¬ 
tion between the terminal, middle, and basal portions of the bark and wood, 
respectively, of shoots (215). But there is no evidence as yet of either a 
positive or negative gradient. Tufts (215) reported that differences in 
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composition between the various portions so far as location up and down 
the shoot is concerned are relatively insignificant, compared with those 
existing between bark and wood in the same portions. Preliminary work to 
test this point carried out by the writer prior to the present studies showed 
very similar results. 

In the usual macroscopic method of analysis, cells of admittedly widely 
different nature and function are taken: epidermal, vascular, and par¬ 
enchymatous tissues are mixed indiscriminately. It is, therefore, only the 
predominant internal relations that are revealed by the methods adopted 
in the present study. 

7. Analytical methods 

A. Do THE VALUES IN TOTAL CARBON DETERMINATIONS REPRESENT 

X 3 0TENTIALLY MOBILE AND METABOLIC ALLY REACTIVE COMPOUNDS? -In the 

present investigation, fractionation of the nitrogen compounds similar to 
those previously carried out by the writer (201, 202) has not been under¬ 
taken. The possibilities and limitations of nitrogen partition investigations 
in this species have already been clearly defined (202). These earlier studies 
have shown, moreover, that the respective nitrogen fractions were measur¬ 
able functions of the total nitrogen, even under widely differing external 
environments. Thus, the total water-soluble N, the non-protein N, and the 
amino N closely paralleled the total N throughout the growth cycle; the 
amide N and “rest” N varied inversely with them. It would seem, there¬ 
fore, that amino N must be connected with protein synthesis and “rest” N 
with protein degradation. Accordingly, since the sequences of variations 
(changes) in the distribution of partially synthesized proteins parallel the 
total N, the seasonal fluctuations of the former may be predicted from the 
time-concentration curves of the latter. 

On the other hand, if any definite relationships exist between the total 
carbohydrate and its various fractions, they have not been identified in any 
metabolism studies thus far carried out. It was considered desirable, there¬ 
fore, to undertake the determination of such carbohydrate fractions as are 
amenable to present methods of analysis rather than the determination of 
total carbon preferred by some investigators (63), who consider that the de¬ 
termination nf total carbon is sufficient to establish the relationship existing 
between the carbon and nitrogen compounds present. Hicks (63) justifies 
the determination of total carbon, without fractionation according to the 
usual methods, on the basis that the primary value of the C/N relation lies 
in the fact that the growth of a plant is dependent upon the balance be¬ 
tween the metabolic processes of carbon assimilation and respiration on the 
one hand and absorption of nitrogen from the soil on the other; and that, 
since both processes involve the use of “raw” inorganic material in the 
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form of carbon dioxide and nitrates, the relation of real importance in the 
plant itself, according to her view, is that of elemental carbon to elemental 
nitrogen. Although this investigator recognizes the fact that part of the 
assimilated carbon is transformed into immobile compounds, such as lignin, 
she maintains that these immobile compounds have not been shown to lie 
outside the vital system, and, therefore, to be without influence on the plant. 
It would appear that the problem of the plant physiologist is not so simple 
in this respect as that of the animal physiologist (81). Nevertheless, the 
burden of proof remains with the proponents of the “total” carbon idea to 
show that the carbon compounds of plants are as reactive and mobile as the 
nitrogen compounds with which they are compared . 

B. Water. —(1) The imbibitional water was determined by drying the 
material in a drying oven at a temperature of 70°-80°. The samples were 
afterwards left exposed to the air for several weeks and weighed when equi¬ 
librium had been reached. (2) The hygroscopic water was determined by 
heating 2 grams of the finely ground materials in vacuo at 100°. 

C. Ash. —Ten grams of the finely ground material were ignited in an 
electric muffle furnace at a temperature not exceeding 450° to avoid loss of 
potassium salts. 

D. Potassium.—T he usual Lindo-Gladden method was employed (7). 

E. Phosphorus. —The phosphorus was precipitated as the ammonium 
pliospho-molybdate after the method of Stewart (186) and the precipitate 
was titrated immediately according to Richards and Godden's modification 
(164) of the Pemberton-Neumann method (133, 151). 

F. Nitrogen.— Nitrogen was determined by the usual Kjeldahl method 
(7). Only traces of nitrates are present in apple tissues (38, 203). 

G. Carbohydrates. —The estimation of the initial separation of car¬ 
bohydrates was effected by the method proposed by the Committee on Meth¬ 
ods of Chemical Analysis of the American Society of Plant Physiologists 
into a “soluble” and an “insoluble” fraction (5). In the “soluble” por¬ 
tion : (1) reducing sugars (glucose, fructose, pentose, arabinose, and xylose) 
and (2) non-reducing sugars (sucrose and other disaccharides) were deter¬ 
mined. Glucosides such as phloridzin (61) were not separately estimated; 
these compounds would be included in the latter group. 

It is of interest to note that it has recently been questioned if phloridzin 
is a true glucoside. Moelwyn-Hughes (123) finds that phloridzin is not 
hydrolyzed by emulsin but by another enzyme occurring freely in nature— 
probably 3-(y)-fructosidase. Moreover, he also points out that all the pub¬ 
lished data on the velocity of hydrolysis of glucosides by acids indicate 
that phloridzin resembles, with respect to velocity coefficient and critical in¬ 
crement for hydrolysis, the y-fructosides (sucrose, raffinose, melezitose) 
more closely than the normal glucosides (salicin, arbutin, maltose, etc.). 
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The determinations of the various fractions were made according to the 
writer’s method (199). The acid-hydrolyzable “ insoluble’’ fractions (4, 
5) include the ill-defined groups designated by Schulze (172) as “hemi- 
cellulose,” and which may function as reserve material (129, 167). In the 
present investigation the term includes liexosans, pentosans, and such mixed 
polymers as pectins and gums. 

III. Presentation of results 

1. Growth measurements 

Throughout the period 1922-24 inclusive, i.e., before the nutrient salts 
were added, there was no significant difference in growth measurements in 
trees from different rows (3) (table III). The response of the trees to ni- 

TABLE II 

Effect of treatments on growth of grass cut in 3925 


Treatment 

Weight of grass clippings 


gm.. 

Check 

845 

NPK 

5708 

NP . . 

5365 

NK.1 

2673 

PK 

1760 

N 

3743 

P 

1457 


trogen additions was especially striking. Within six weeks after the first 
application in the spring of 1925, the leaves of the trees receiving nitrogen 
additions changed from a pale green to a deep green color. At the end of 

TABLE III 

Branch elongation in cf.ntimeters of season's branch growth (1922-1926) 


Treatment 
(after 1924) 

♦ 

8od 

3922 

1923 

1924 

1925* 

1926 

Check . 

851 

3270 

5005 

3051 

985 

NPK . 

863 

2560 

4662 

6991 

6578 

NP . 

429 

2637 

4983 

6475 

7795 

NK ... 

648 

3402 

5094 

5808 

5033 

PK . 

762 

2517 

4881 

3247 

2073 

N . 

570 

2796 

3844 

5564 

5243 

P . 

635 

2696 

4537 

3247 

1790 


h First year of fertilizer application. 
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this period marked differences in growth responses were observed. The soil 
condition with respect to supply of nutrients at this time is indicated by the 
combined weight of the grass clippings (table II), taken in June, 1925, from 
the “rod” cylinders and also of the combined branch elongation at the end 
of the 1925 growing season (3) (table III) for all three trees in each treat¬ 
ment. 

The effect of the differential fertilizer treatments given in the spring of 
1925 on the fruit bud formation of that year is shown in table IY, which 
gives the number of blossom clusters removed from the three trees in each 
treatment in 1926 (3) when the trees were deflorated. 



Pig. 2. Typical tree growing in sod treated with the three nutrient salts: NaNO-,, 
KjSO,, and CaH 4 (PO,) 8 ’ 2H.,0. 
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TABLE IV 

Effect of treatments on number of blossom clusters in 1926 


Treatment 

Sod 

Cultivated 

Check . 

0 

6 

NPK. 

328 

353 

NP. 

145 

334 

NK. 

102 

17 

PK. 

0 

28 

N .. . ... 

21 

71 

P . . .. 

0 

13 


It may be pointed out here that the tips of the shoots of the check trees 
and also of those receiving only phosphorus had relatively little active cam¬ 
bium compared with the trees of other treatments. The nitrogen-treated 
trees were differentiated from the others in having less xylem with thinner 
walls than the trees without nitrogen additions. The cambium, too, of the 
trees receiving added nitrogen was active even to the base of the stem. 



Fig. 3. Typical tree growing in sod without nutrient salt additions. 
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Figure 2 shows a representative tree from the row in sod and receiving 
all three of the nutritive elements nitrogen, phosphorus, and potassium. 
Figure 3 shows a representative check tree receiving no nutrient additions. 

2. Analytical data 

In the following tables the term “glucose” will be used to designate the 
reducing sugars estimated as glucose (p. 401), and the term “sucrose” to 
indicate the non-reducing sugars and glucosides (p. 401). The analytical 
results are presented in tables V-IX. 

TABLE Y 

Percentages or water in season's and in one-year branch growth 
(wood and bark separated) 


Laboratory no. 

j Sampling 
date 

Treat¬ 

ment 

Imbibitional 

WATER 

Hygroscopic 

WATER 

Total water 

Wood 

Bark 

Wood 

Bark 

Wood 

Bark 

Wood 

Bark 

7 

8 

Sept. 

1,1925 

Check 

39.42 

47.00 

2.23 

2.72 

41.65 

49.72 

58 

59 

Apr. 

4,1926 


42.08 

51.60 

2.06 

2.80 

44.14 

54.40 

89A 

89B 

June 

30, “ 

i 

40.70 

50.16 

1.80 

2.55 

42.50 

52.71 

98 

99 

Aug. 

15, “ 


38.80 

46.70 

1.40 

2.70 

40.20 

49.40 

185 

186 

Nov. 

i, “ 


37.24 

45.05 

1.46 

2.30 

38.70 

47.35 

9 

10 

Sept. 

1,1925 

NPK 

43.11 

53.70 

2.54 

4.05 

45.65 

57.75 

50 

51 

Apr. 

4,1926 


45.68 

55.60 

2.72 

3.96 

48.40 

59.56 

90A 

90B 

June 

30, “ 

i 

45.93 

54.60 

2.32 

4.20 

48.25 

58.80 

94 

95 

Aug. 

15, “ 


44.10 

52.90 

2.40 

4.80 

46.58 

57.70 

182 

183 

Nov. 

i, ** 


40.60 

48.70 

2.80 

3.85 

43.40 

52.55 

1 

o 

Sept. 

1,1925 

1 NP 

43.97 

50.60 

2.75 

3.85 

46.72 

54.45 

82 

83 

Apr. 

4,1926 


44.25 

55.00 

2.72 

3.57 

46.97 

58.57 

85A 

85B 

June 

30, “ 


45.15 

52.30 

2.35 

3.90 

47.50 

56.20 

110 

111 

Aug. 

15, “ 


44.43 

50.10 

2.10 

3.80 

46.53 

53.90 

194 

195 

Nov. 

i, “ i 


38.70 

47.60 

2.02 

4.00 

40.72 

51.60 

3 

4 

Sept. 

1,1925 

NK 

42.50 

50.12 

2.60 

3.60 

45.10 

53.72 

74 

75 

Apr, 

4,1926 


44.36 

54.80 

2.52 

3.30 

46.88 

58.10 

86 A 

86B 

June 

30, “ 


44.22 

! 51.45 

2.38 

3.75 

46.60 

55.20 

106 

107 

Aug, 

15, “ 


43.07 

48.20 

2.15 

3.80 

45.22 

52.06 

191 

192 

Nov. 

i, “ 


38.04 

50.50 

2.06 

3.90 

I 44.10 

50.30 

5 

6 

Sept. 

1,1925 

PK 

43.38 

50.27 

2.50 

3.56 

45.88 

53.83 

66 

67 

Apr. 

4,1926 


44.26 

54.70 

2.08 

3.76 

46.34 

58.46 

88A 

88B 

June 

30, “ 


43.10 

50.86 

2.30 

3.85 

45.50 

1 54J1 

102 

103 

Aug. 

15, “ 


41.60 

49.30 

2.60 

4.00 

44.20 

! 53,30, 

188 

189 

Nov. 

1, “ 


40.65 

49.40 

2.35 

3.50 

43:00 

52.00 

11 

12 

Sept. 

1,1925 

N 

42.10 

52.20 

2.40 

4.00 

44.50 

56.20 

42 

43 

Apr. 

4,1926 


42.50 

55.40 

2.78 

3.57 

45.28 

58.97 

91A 

91B 

June 

30, “ 


44.08 

54.05 

2.15 

4.15 

46.23 

58.20 

95 

96 

Aug. 

15, “ 


42.20 

51.73 

2.30 

3.90 

44.50 

55.63 

179 

180 

Nov. 

1, “ 


40.50 

47.80 

2.25 

4.00 

42.75 

51.80 

13 

14 

Sept. 

1,1925 

P 

38.95 

47.13 

2.25 

2.72 

41.20 

49.85 

34 

35 

Apr. 

4,1926 


42.38 

51.10 

2.20 

2.65 

44.58 

53.75 

92A 

92B 

June 

30, “ 


41.28 

50.18 

1.72 

2.40 

43.00 

52.58 

97 

98 

Aug. 

15, “ 


38.40 

47.10 

2.00 

2.80 

40.40 

49.90 

176 

177 

Nov. 

1, “ 


37.55 

46.45 

1.65 

2.65 

39.20 

49.10 


Amounts of glucose, sucrose, total sugars, starch, hemicellulose, and ‘ ‘ total * ’ available carbohydrates as percentages or fresh and dry 

WEIGHTS, RESPECTIVELY, OF THE SEASON’S AND ONE-YEAR BRANCH GROWTH (WOOD AND BARK SEPARATED) 
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TABLE VII 

Amount of ash, nitrogen, K 2 0, and P a O# in fresh and dry weights, respectively, of the season ’s and one-year branch growth 

(wood and bark separated) 
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Ratios of carbohydrate fractions, and also of phosphoric acid and potash to nitrogen, calculated as percentages 
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PLANT PHYSIOLOGY 


IV. Discussion of results 

1. Glucose and sucrose 

Throughout the growth cycle the concentration of glucose is very much 
greater in the bark than in the wood; this holds for all treatments. Both 
glucose and sucrose decrease rapidly during the early period of rapid 
growth and accumulate again as growth acceleration diminishes. But the 
concentration of glucose (especially in the bark) in the tissues examined of 
the “no-nitrogen” trees is reduced considerably below those trees which 
were treated with sodium nitrate. 

The ratio of sucrose to glucose indicates that inhibition of invertase activ¬ 
ity is quite marked in the trees which have not received applications of ni¬ 
trogen. Table X gives these data for the bark during the period of active 
growth. 


TABLE X 
Sucrose-glucose ratio 


Treatment 

April 4 

June 30 

August 15 

Check . 

1.00 

3.90 

1.54 

NPK . 

0.50 

0.18 

0.28 

NP . 

0.55 

0.28 

0.39 

NK. 

0.52 

0.30 

0.55 

PK. 

0.70 

0.60 

0.92 

P . 

0.93 

2.50 

1.10 


The addition of nitrogen has resulted in marked effect on the activity of 
amylase, with concomitant increase in starch utilization. The data for the 
bark are brought together in table XI. 


TABLE XI 
Starch-glucose ratio 


Treatment 

April 4 

June 30 

August 15 

Check . 

12.50 

29.03 

23.45 

NPK „ 

1.84 

3.60 

3.30 

NP . 

2.08 

3.71 

3.41 

NK.. 

2.63 

*4.28 

4.36 

PK 

8.26 

8.88 

34.12 

N -. 

4.26 

4.58 

4.61 

P . 

14.80 

25.50 

17.03 


These results lend added interest to Spoehr's (178) view that the sup¬ 
ply of simple sugars above that required for the normal respiratory activ¬ 
ity is one of the factors necessary for growth, and also to Loew's (99) 
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attempt to associate blossom bud formation with a definite concentration of 
sugars. 

2. Total sugars 

In all treatments the minimum concentration of sugars in the tissues ex¬ 
amined is reached during the first period of active growth. Inasmuch as a 
minimum at this period has also been observed in other experiments (69, 
122 , 211 ), in which the external environmental factors are very different 
from those of the present experiment, it would appear that this phenomenon 



Fig. 4. Typical tree growing in sod treated with the two nutrient salts: K 2 S0 4 and 
CaH 4 (P0 4 ), 2H 2 0. 


is independent of external factors. The concentration of total sugars in 
trees which did not receive added nitrogen is much lower than in the nitro¬ 
gen-treated trees. The concentration of total sugars in the tissues examined 
as related to treatments is in the following descending order: NPK > NP > 
NK > N > P > check. 

3. Starch 

The variations in the distribution of starch throughout the cycle follow 
the same general course observed in other investigations with fruit trees 
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(69,122). Comparisons in this respect with other investigations have to be 
made with caution, however, because only a few investigators using macro- 
scopical methods have separated bark from wood. Swarbrick (194) con¬ 
cludes from a review of previous work that the seasonal change in starch 
content shows on the whole two maxima and two minima, the maxima oc¬ 
curring, respectively, at leaf fall and very early in the spring; the minima 
at the time of maximum leaf growth and early winter. Examination of the 



Fio. 5. * Typical tree growing in sod treated with the two nutrient salts: NaNO t 
and CaH*(P0 4 ) 2 • 2H.,0. 

results (table VI) of the present experiments shows a distinct lag of the 
starch changes in the wood compared with those in the bark, so that the 
dominant phases of the starch cycle in the wood are not the same as those 
for the bark. This fact has to be considered in any attempt to relate the 
starch cycle to other physiological phenomena, e.g., to cambium activity and 
xylem differentiation. 
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The great decrease in starch which occurs in the bark—but of the nitro¬ 
gen-treated trees only—is associated with swelling of the buds. This rapid 
utilization of starch in the spring is characteristic of the nitrogen-treated 
trees. Moreover, the accumulation of starch in the bark of all trees at the 
period of cessation of active growth and the accumulation in the wood later 
on in the season suggest that starch accumulation may be the cause of re¬ 
tardation of growth. 

The starch content of the trees which received nitrogen is at a much 
lower level throughout the cycle than that of the trees which received no 
sodium nitrate applications. The trees which did not receive nitrogen show 
relatively small fluctuations in starch content throughout the cycle. 

In this experiment there has not been observed any great deposition of 
starch in the cortical region of the bark found by some investigators (161). 
Microscopical examination at various times showed that the starch was dis¬ 
tributed between the parenchymatous cells of the cortex, phloem, and med¬ 
ullary rays. The pith was packed with starch grains, although it w^as usu¬ 
ally the last part to store it. A similar behavior has been noted by Gardner 
(44) in the Bartlett pear. The relation of the concentration of starch to 
the treatments given is in the following ascending order: NPK < NP < 
NK < N < PK < P < check. 

Energy relations of glucose and starch 

Glucose and starch may be regarded as two closely related forms of po¬ 
tential energy (229). Starch is physically labile, chemically stable, non- 
diffusible, and non-dialyzable. Glucose, on the other hand, is chemically 
labile, physically stable, but diffusible and dialyzable. In the relatively low 7 
glucose concentration of the cell plasma an equally low intensity of poten¬ 
tial energy exists, whereas starch contributes a highly concentrated form 
of glucose with a corresponding high intensity of potential energy. If one 
function of the protoplast is to act as a condensation catalyst with power of 
selectively removing sugars from dilute solution, this may indicate the rea¬ 
son why the determination of starch may be of such diagnostic value. If 
this view be correct, then the accumulation of starch would be the direct 
cause of growth retardation and not, as Hartwell (59) suggests, the result 
of inhibited growth. 

4. Hemicelltjloses 

The physiological function of this important class of structural cell wall 
substances is still obscure, but there is evidence to show that in many plants 
this group may function as a reserve material (93,129,135). Thus Leukel 
(93) found wide fluctuations in the amount of hemicelluloses in pasture 
and forage plants, and Nightingale (135) found a considerable decrease in 
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hemicelluloses in tomato plants during active growth. It must be borne in 
mind, however, that the sugars and starches are the more labile and, there¬ 
fore, are the more indicative of immediate seasonal changes. 

Gerhardt (46), Norman (140,141,142), O'Dwyer (144,145,146), and 
Schryver and his co-workers (28) have, in recent years, added much to 
our knowledge of the composition of these reserve substances. The results 
of these workers indicate that the hexosans (galactans, glucosans, and man- 
nans) and pentosans (arabinans and xylans) contained in the cell walls 
constitute the greatest fractions in certain of the hemicelluloses. The 
former especially predominate in kernels of seeds poor in starch and fat. 
There is evidence (45, 144, 145, 146) that many of the hemicelluloses con¬ 
tain acid groups of the “uronic” and “glucuronic” acid type. 

The hemicellulose of one-year old apple wood examined by Gerhardt 
(46) contained 15 per cent, lignin, 70 per cent, pentose sugars, 5 per cent, 
ash, and 5 per cent, moisture. No hexoses were identified. The pentosans 
(d-xylose and 1-arabinose) were present in the molar ratio 7:1. However, 
Tottingham, Roberts, and Lepkovsky (210) reported that the wood of 
bearing spurs of apple trees contained xylose, glucose, and galactose. The 
preliminary hydrolysis of four products isolated from wheat bran by Norris 
and Preece (143) consist of (1) a glucosan, and (2) substances containing 
pentose residues. 

5. Do PRESENT METHODS OF HYDROLYSIS ADEQUATELY REPRESENT RESERVE 

MATERIAL t 

The question has arisen as to whether our present methods of hydrolysis 
with weak or strong acids hydrolyze the reserve hemicelluloses of apple 
trees. Bradbury and Roberts (13) conclude that they do not. The meth¬ 
ods at present in use are based on the work of LeClerc du Sablon (92) and 
of Schellenberg (169). In apple tissues, Bradbury and Roberts (13) 
found that these acids act only upon the young xylem, phloem, and cam¬ 
bium cells and the primary walls of other cells rather than upon the re¬ 
serves occurring as cell wall thickenings. This may account for the results 
given in table VI, which show that the seasonal fluctuations in the hemi- 
eelluloses are relatively small and, therefore, do not afford a very sensitive 
index of carbohydrate changes throughout the cycle. This whole problem 
needs clarification. 

In the present experiments hemicelluloses accumulate in the fall but no 
regularity or trend is observed when all the treatments are considered. The 
sequence of changes in the hemicellulose fraction parallels to some extent 
the fluctuations in starch content, but the changes in the concentrations of 
the latter afford, as already described, a much more sensitive index of the 
nutritive conditions. The reciprocal relation noted by Murneek (129) in 



THOMAS: COMPOSITION AND RESPONSES OP APPLE TREES 


417 


the reproductive organs of the apple between hemicelluloses and total sugars 
and also starch is not very definitely defined in the tissues examined in the 
present investigation. Hemicelluloses are much lower in the bark than in 
the wood, and are generally highest in the bark of the trees which did not 
receive nitrogen. 

6. Total available carbohydrates 

Accumulation of total available carbohydrates occurs in all trees when 
growth begins to slacken. The relation of the concentration of total avail¬ 
able carbohydrates to the treatments given is in the following ascending 
order: NPK < NP = NK < N < PK < P < check. 

The leaves w r ere yellowish green in the trees without nitrogen additions, 
a characteristic of high carbohydrate and low nitrogen conditions. 

7. Total nitrogen 

The distribution of the nitrogen throughout the cycle is very similar to 
that found in the earlier experiments of the writer (201, 202), the charac¬ 
teristics of which are a high concentration of nitrogen in the spring, a de¬ 
crease during the period of active growth, and accumulation in the fall. 
The concentration of nitrogen in the trees to which sodium nitrate was ap¬ 
plied is much higher than in the trees which did not receive any added nitro¬ 
gen. Thus, in these “no-nitrogen” trees the range is from 0.151 to 0.532 per 
cent, in the wood and from 0.72 to 0.98 per cent, in the bark, compared with 
0.44 to 0.815 per cent, and 0.89 to 0.48 per cent, in wood and bark, respec¬ 
tively, of the trees which received sodium nitrate. The concentrations of 
nitrogen in the tissues examined from the different treatments are in the fol¬ 
lowing descending series: NPK > NP > NK > N > P > check. 

It has already been pointed out (p. 415) that the application of sodium 
nitrate has resulted in a marked increase in the utilization of starch and 
also (but in a smaller proportion) of the “hemicellulose” fraction. The 
omission of nitrogen from the complete fertilizer combination (NPK) has 
resulted in a decreased and not an increased absorption of the remaining 
elements. The significance of this has been discussed by the writer in other 
papers (206,208). 

8. Carbohydrate-nitrogen relation 

The relationship of this ratio to the vegetative and reproductive re¬ 
sponses of plants has dominated the field of horticultural research during 
the past decade (6, 62, 63, 69, 71, 82, 83, 84, 135, 136, 155, 157, 167, 232). 
A summary of the American investigations on this subject up to 1924 has 
been given by Hooker (71). The claims to the existence of a positive corre¬ 
lation between this ratio and the vegetative and reproductive responses of 
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plants, however, have not been allowed to pass unchallenged (6, 232). The 
whole problem is essentially related to the question of physiological balance. 

A. Physiological balance.— The concept of physiological balance in 
metabolic processes has played a considerable role in modern investigations 
in physiology (206). Viewing the problem with respect to the internal con¬ 
ditions of the plant, one may, with Peirce (150), take the position that from 
the observed operation of natural laws a shift in the equilibrium conditions 
within the living cell might be brought about by any external factor that 
influences the rate of any one of the multitude of chemical reactions taking 
place. Such disturbance in normal metabolism might be either temporary 
or permanent. We shall return to Peirce's view relative to the external in¬ 
fluence affecting fruiting later. 

B. Non-existence op specific carbohydrate nitrogen values for a 
given response. —Although Klebs (79, 80) made many valuable observa¬ 
tions on the effect of alteration of external factors on blossom-bud formation, 
it would appear that Fischer (42) was the first to suggest the possibility 
of using the carbohydrate/nitrogen ratio as a means of diagnosis, although 
no quantitative data were reported by him. His observational data led him 
to conclude that flowering was associated with a very high carbohydrate/ni¬ 
trogen ratio whereas a low carbohydrate/nitrogen ratio favored vegetative 
growth. 

Although there is no suggestion in the work of Kraus and Kraybill 
(82) of any specific ratio of carbohydrate/nitrogen for any response, at¬ 
tempts have been made to establish limiting values and even exact mathe¬ 
matical ratios (54) between the available carbohydrate and available (total) 
nitrogen for a particular response. Frequent citations of Gurjar's paper 
appear in the literature, but it has unfortunately been published only in 
abstract form. On the other hand, there is substantial experimental evi¬ 
dence (62,154) to refute the association of a specific carbohydrate/nitrogen 
ratio with the flowering or the vegetative condition, even in the case of 
plants of the same species growing under different environmental condi¬ 
tions. Thus, £ comparison of the carbohydrate/nitrogen ratios in the case 
of apple trees in New Hampshire (154) and Oregon (62) show's that the 
non-bearing spurs of the former and the most fruitful spurs of the latter 
investigations had the same carbohydrate/nitrogen ratio. Moreover, bearing 
spurs from the sod plot, which produced no fruit buds, in Kraybill 's 
and Potter's experiments (84) had the same carbohydrate/nitrogen ratio 
as the non-bearing spurs on the “nitrate” fertilized plot. 

C. Food supply and blossom-bud formation. —In the present investiga¬ 
tion fruit-bud formation is definitely associated with such external factors 
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as the supply (concentration) of nitrogen, phosphorus, and potassium. This 
result is in accordance with empirical deductions of the earlier practical 
commercial growers and with the later more scientific field observations of 
Gourley (60) and of Drinkard (36), that the supply of nutritive elements 
from the soil is under most field conditions the factor of greatest importance 
in fruitfulness. This fact is also shown by the results of the numerous ex¬ 
periments with laboratory control similar to those initiated by Kraus and 
Kraybill. 

The fact, however, that stunted plants of a grain field and fruit trees 
about to die from mechanical injury and disease may, in a season of insuffi¬ 
cient rainfall, put forth bloom out of all proportion to the food supply, leads 
Peirce (160) to the view that increased absorption of mineral elements 
from the soil and consequently the potential supply to the bud primordia is 
not always a concomitant of fruiting. The experiments of Ivlebs (79) 
leave no doubt that fruiting under the conditions of his experiments in 
vigorously vegetative plants was brought about by varying the supply of 
nutrients with changes in the illumination. In one of his experiments, for 
example, this was effected by lowering the concentration of salts and by in¬ 
creasing the illumination. But Peirce (150) would distinguish between 
light sufficient for photosynthesis and light as a stimulus to fruiting: 
4 ‘while reproduction may be accomplished without exposure to more light 
than sufficient for photosynthesis, the more vegetative modes will be the ones 
developed, the formation of the sexual organs taking place only after suffi¬ 
cient stimulation by light ” (160). It is possible, nevertheless, that in the 
experiments of Klebs and in the cases cited by Peirce, fruiting may have 
resulted when the proportions between available carbohydrates and nitrogen 
reached definite limiting values. More light would be thrown upon the in¬ 
terpretation of such phenomena if analytical data were available with 
which plants in the conditions just described could be compared with the 
results of experiments in which correlations of response with internal con¬ 
ditions are made. 

D. Extension of conception of balance to other nutrient elements. 
—The importance of the nitrogen supply in the maintenance of a proper 
relationship between the amount of vegetative and reproductive activities 
which has long been observed in agricultural practice, especially in fruit 
growing, can be accounted for by the fact that nitrogen is usually the 
primary limiting factor under field conditions (71, 167). From this view¬ 
point, the conception of balance may not be confined to the relations between 
carbohydrates and nitrogen only, but may be extended to balances between 
other elements or complexes, whichever may be the limiting factors to 
growth under the particular conditions of growth (167, 205, 206). 
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In the present investigation, and also in those reported by other inves¬ 
tigators (69), carbohydrate accumulation has resulted from a deficiency of 
nitrogen; but accumulation of carbohydrates can result also from a deficiency 
of other mineral elements, especially potassium or phosphorus (37). That 
both potassium and phosphorus have exercised influence on the synthesis 
of carbohydrates in the present investigation is not open to question. The 
carbohydrate/K 2 0 and the carbohydrate/P 2 0 5 ratios in the present inves¬ 
tigation are shown in table IX. In relation to treatment the former fol¬ 
lows the descending series: check = P > PK = N > NP > NK > NPK, 
and in the latter the order is: check > P > PK = N > NK > NP > NPK. 
The significance of this order of the ratios will be discussed later. 

E. Experiments of Arthur, Gutiirie, and Newell.— These investiga¬ 
tors, in an extensive investigation (6) on the carbohydrate/nitrogen ratio 
as related to flowering and length of day, concluded that flowering, under 
the conditions of their experiments, could be initiated by a long or short 
day, depending on the species or variety, and that the carbohydrate/nitro¬ 
gen ratio for a given species varied within wide limits independently of 
flowering . From the results obtained by them, for example, on Lycopersi- 
cum esculentum, these investigators concluded that the “ratio of carbo¬ 
hydrate to nitrogen has little or nothing to do with fruiting.” 

In relation to these experiments by Arthur and his colleagues there 
are two important points to be considered, either of w T hich would neces¬ 
sarily invalidate their conclusions just mentioned: 

(1) That in order to establish the utilization of an element or compound 
apart from that of mere absorption, the determination of the total amounts 
of materials as determined by chemical methods at any one period does not 
differentiate between the amount available for synthesis and the amount 
that may have been utilized. This distinction may be determined with any 
degree of certainty only by means of time-absorption curves (208). 

(2) That conclusions with respect to the “regulation” of the absorption 
of an element can be made only when the effect of varying the concentration 
and ratios of the other principall (dominant) nutrient elements on the 
absorption of the element in question is known (206, 208). In view of these 
facts it may be questioned whether the conclusion of these investigators 
that “a plant such as corn is so able to regulate the amount of nitrate taken 
in that it is difficult to induce this plant to take up enough nitrate to in¬ 
crease the total percentage of nitrogen in the plant” can be maintained . 

Arthur, Guthrie, and Newell finally suggest “that a study of 
enzymes or other substances present in the very small amounts in the grow¬ 
ing tips or elsewhere offers much more promise than gross carbohydrate and 
nitrogen fractions in various plant organs, in explaining the mechanism of 
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light in initiating flowering and fruit production in the plant/ ’ Studies 
of this nature, especially of the type conducted by Went (223), are no doubt 
highly desirable. It is difficult to understand, however, in what way “the 
study of enzymes or other substances present in very small amounts in the 
growing tip” will assist in determining the causal factor of flower bud 
formation. There is little doubt that much of the present confusion with 
regard to the relationship of carbohydrates and nitrogen to flowering and 
fruiting is the result of a failure, in many cases, to recognize that the ratio 
itself is not a causal factor but only the resultant of numerous antecedent 
unknown factors. 

It is difficult to escape the conclusion from the results of the present 
investigation that the carbohydrate/nitrogen ratio, in particular the 
starch/nitrogen ratio, under ordinary field conditions serves as one of the 
most sensitive measurable indices of physiological balance that are at present 
available. In the present experiment the carbohydrate/nitrogen ratio in 
ascending order is NPK < NP < NK < N < P < check. 

F. Application of the law of mass action. —The concept of the 
reversibility of the metabolic processes of the nitrogen complexes as a func¬ 
tion of the active mass of carbohydrates accords with the known facts of 
the protein-sparing action of carbohydrates (180). And the work of 
Prianishnikow (158, 159, 160), Chibnall (23, 24, 25, 26, 27), and also of 
the writer (201, 202) suggests the possible mechanism of this reciprocal 
relationship between carbohydrates and nitrogen. The final and interme¬ 
diate stages of the N equilibrium may be represented: “rest” N *=* proteins 
*=* amino acids *=* amides *=* ammonia. The direction of the reactions would 
be to the right when the active mass of carbohydrates is low and to the left 
when the carbohydrate concentration is high (159). 

9. Ash 

The ash results present no special problem for discussion. The results 
consistently reflect the treatments given and are in accordance with 
Liebig's Law’ of the Minimum. Thus, the series in descending order of 
magnitude is NPK > NP > NK > PK > N > P > check. 

10. Potassium 

A. Mechanism of the action of potassium. —Recent investigations 
(75) point to the fact that the mechanism of the action of potassium may 
be very complex—the resultant of photoelectric as well as of radioactive 
properties. In this connection it is of interest to note that Loring and 
Druce (101) found that the potassium chloride obtained from potatoes 
fertilized with KC1 had an atomic weight of 40.5 rt 0.1. A qualitative test 
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showed this sample to be more radioactive than ordinary KC1, indicating 
a possible biological enrichment of K 11 in the potato plant. This difference 
in the physiological effect of an isotope may be related to difference in the 
degree of hydration of the ions (208). 

B. Role of potassium.—A review of investigations on the functions of 
potassium will be presented in detail by the writer in another paper. In 
spite of a prodigious amount of work the mechanism of the action of this 
element is not yet known. Why does it differ so remarkedly in its action 
from the chemically related element sodium ? Certain physiological effects 
pf potassium, such as its stimulating (catalytic) action on the photo¬ 
synthetic mechanism, are now well established (14, 48, 83, 60,110, 115,126, 
137, 138, 170, 187, 192, 222, 227, 228). Indeed, Stoklasa and his school 
(187, 188, 189, 190, 191), who have carried out the most extensive and 
critical experiments on the subject, maintain that synthesis of carbo¬ 
hydrates is possible only in the presence of the potassium ion. The presence 
of higher concentrations of potassium in meristematic tissues than in other 
tissues is regarded by some investigators as evidence of a direct or indirect 
function in mitosis (104, 137). 

C. Effects of potassium deficiency. —If the results obtained with 
excised leaves are comparable with the living plant as a whole, as the evi¬ 
dence obtained by Gregory and Richards (53) would indicate, it would 
appear that the effects on assimilation of a deficiency of each of the prin¬ 
cipal nutrient elements is specific for each element. Table XII summarizes 
the results obtained by Gregory and Richards. 


TABLE XII 

Relative respiration and assimilation indices of barley in complete and 

DEFICIENT NUTRIENT SOLUTIONS 


Treatment 


Assimilation 

Respiration 

LOW LIGHT 
INTENSITY 

High light 

INTENSITY 

Complete nutrient solution .. . 

Normal 

Normal 

Normal 

Nitrogen deficient . 

Subnormal 

Normal 

Subnormal 

Phosphorus deficient . 

Normal 

Slightly 

Slightly 



supernormal j 

supernormal 

Potash deficient . 

Supernormal j 

Subnormal 

Subnormal 


Thus, only the potassium-deficient leaves showed an initial fall in the 
assimilation rate equally marked at low as well as high light intensity. The 
rate of diffusion of C0 2 into the cell up to the chloroplast surface, there- 
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fore, would seem to depend upon the potassium concentration, possibly 
through its role in determining the bicarbonate content of the leaf. 

It is of interest to compare these results with the nutrient culture experi¬ 
ments of MacGillivray (106) and of Janssen and Bartholomew (77). 
The former found that a deficiency of phosphorus and the latter that a 
deficiency of potassium resulted in increased percentage of dry matter. 
From this Janssen and Bartholomew concluded that “up to a certain 
concentration the potassium ion aids carbon assimilation. If, on the other 
hand, the concentration of potassium is increased carbon assimilation is 
again decreased .’’ These anomalous results emphasize a point that plant 
physiologists cannot ignore; this is that experiments planned to determine 
the role of any of the nutritive elements are of little value unless attention 
is paid to the question of physiological balance (208). 

If, moreover, the defense mechanism of the plant against an excess 
absorption of an ion such as potassium is that of precipitation, as suggested 
by some investigators (104, 214), such regulatory ability must be very 
limited. The work of Sekera (174) is important in this connection. The 
clear-cut evidence from Sekera’ s carefully planned experiments on barley 
is that normal plants are able to regulate the amount of an ion absorbed 
in excess of that utilized in metabolism by expulsion of that element into 
the soil via the roots. This has been discussed in detail by the writer in 
another paper (208). 

D. Potassium and translocation of starch. —Although there is con¬ 
siderable evidence to indicate that potassium is effective in increasing the 
translocation of starch (75, 76, 77,110, 138), experiments may also be cited 
(134, 176) the results of which have been interpreted as indicating that 
translocation of starch is independent of potassium salts. Thus, Newton 
(134) found in water cultures that almost twice the weight of potato tubers 
was obtained in minus-K solutions compared with those from the complete 
culture solutions. The weight of tops and roots, however, was slightly 
in favor of the latter cultures. However, in the minus-Ca series, in spite 
of leaving a 25-gm. seed piece attached to the seedling, the plants died. 
Potato tubers have relatively a very high content of potassium and a very 
low content of calcium. Hence, as Newton points out, his experimental 
evidence leads to the conclusion that the beneficial results of omitting 
potassium were due to the increased absorption of calcium. The reciprocal 
action of potassium and calcium has been observed in a number of experi¬ 
ments (208). These anomalous results accordingly may be attributed to a 
lack of physiological balance in the potassium cultures. The results of 
Smith and Butler (176) may be similarly interpreted. The experiments 
of the latter do not indicate that translocation of starch is independent of 
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potassium but that the potassium present in the seed is relatively efficiently 
utilized during the very short duration of these experiments (21 days). 

E. Effect of potassium additions in the present experiments.— 

(1) On the leaf color.— None of the typical symptoms of potassium 
deficiency, viz., yellowish green leaves (the color is usually dark green if 
sodium is also deficient) with purple veins or browning of the periphery, 
were observed in any of the trees. 

(2) On the enzyme system. —Many experiments (33, 40, 41, 175, 184, 
193) indicate that potassium has a marked effect on the enzyme systems of 
the plant and that the effects are specific for different enzymes. In the 
present experiments potassium additions have increased the activity of 
amylase and of invertase (table VI). The marked effect of potassium in in¬ 
creasing the utilization of starch in these experiments is also apparent 
from the data given. Thus, the starch/K 2 0 ratios are in the following 
ascending order with respect to treatments: NPK < NP < NK < 
N < PK < P < check. It is of interest to note that Reed and Haas (163) 
observed that orange trees can function with less potassium than they 
ordinarily absorb. Trees receiving no added potassium were able to grow 
for 17 months subsisting presumably on the potassium in the trees at the 
time they were planted. 

(3) On the absorption of nitrogen and phosphorus. —Potassium addi¬ 
tions have increased the absorption of both nitrogen and phosphorus in the 
tissues examined (205, 206) and, as a later paper will show, this statement 
may be generalized to the absorption of these elements by the entire tree. 

(4) On the potassium/nitrogen ratio. —Wallace (219, 220) has 
emphasized the significance of this ratio. In his sand cultures, leaf 
scorch (tip burn) of trees growing with insufficient potassium increased 
with each increment of nitrogen in the nutrient solution; at relatively high 
K/N ratios leaf scorch (tip burn) did not develop. Bronzing of the leaves 
of citrus trees growing in nutrient solutions having a low K/N ratio was 
also reported by Reed and Haas (163). 

Certain investigators (39, 77) have noted a reciprocal relationship be¬ 
tween the*content of the plant with respect to nitrogen and potassium. The 
whole question of the mechanism of the reciprocal relationship between 
nitrogen, phosphorus, and potassium in relation to their absorption by 
plants has been discussed in detail by the writer elsewhere (206, 208). It 
may be pointed out here, however, that no generalizations are possible with 
respect to the K/N ratio because the absorption of these elements by the 
plant is a function of the level of nutrition, i.e., rate of supply of nutrients 
(206, 208). Accordingly, results may show either a positive (as in the 
present experiment) or a negative correlation (39, 77) with respect to the 
amount of these elements absorbed by a plant. 
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11. Phosphorus 

A. Role of phosphorus in respiration. —The experiments of both 
Lyon (102) and Spoehr (179, 181) in vitro indicate that phosphorus may 
act as an accessory accelerator of respiration. The starch/P 2 0 5 and the 
carbohydrate/P 2 0 5 ratios (table IX) of the trees of the various treatments 
in the present field experiments also suggest such an effect. The isolation 
of a reducing hexosemonophospliate by Neuberg (131, 132) from bottom 
yeast and by Barrenscheen and Pany from Elodea canadensis (12) affords 
very positive evidence that phosphates play a role in the intermediate stages 
of the carbohydrate metabolism of plants. 

B. Absorption of phosphorus. —In the present experiments the absorp¬ 
tion of phosphorus by trees which did not receive phosphorus application 
and by those trees which received phosphorus additions unaccompanied by 
the other principal nutrient elements is relatively low. A significant in¬ 
crease in the absorption of added phosphorus has occurred only by the addi¬ 
tion of potassium or nitrogen or both, i.e., in the NP and NPK treatments. 
Since a rapid **fixation 7 ’ of P0 4 s ions takes place in this Hagerstown clay 
loam soil (197), this increase in the absorption of phosphorus may be in¬ 
terpreted as the result of an increase in the solubility of phosphorus follow¬ 
ing a decrease in the already existing potential difference between the 
micellar and intermicellar soil solution by the K + and NO*' ions, in accord¬ 
ance with the Gibbs-Donnan law (1, 49, 116, 183, 185, 208). 

C. Starch/P 2 0 5 ratio.— Both the starch/P 2 0 5 and the available carbo- 
hydrate/P 2 0 5 ratios indicate that phosphorus may act as an accessory 
accelerator of respiration only if adequate supplies of nitrogen and potas¬ 
sium are present. Hence, it follows that in soils, such as the Hagerstown 
clay loam used in this experiment, which are relatively low in nitrogen and 
phosphorus albeit high in available potassium, the application of a carrier 
of phosphorus (P) or of phosphorus and potassium (PK) would be in¬ 
effective to permit sufficient utilization of carbohydrates for normal growth 
and reproduction unless nitrogen is also applied. 

D. N/P 2 O r> ratio. —In the leaves of Vitis vinifeva , Lagatu and Maume 
(87) found a linear relationship between the nitrogen and phosphorus con¬ 
tents. This would be expected if all the phosphorus is in organic combina¬ 
tion as nucleic acid, lecithin, and allied substances. The nitrogen and 
phosphorus would then be present in the same molecule. This linear 
relationship does not exist in the tissues examined in the present experi¬ 
ment, for wide seasonal changes in the N/P 2 0 5 ratio occur in all treat¬ 
ments. This indicates that the large and variable proportions of the 
phosphorus are present as nitrogen-free compounds. 
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12. Water relations: physiological dryness of tissues 

The position of the water balance within a plant is determined by the 
power of the roots to maintain the supply and the power of the leaves to 
resist excessive loss. The rate of water loss, if the plants do not differ in¬ 
ternally in some manner affecting transpiration, will depend upon the 
nature of the leaves and the area of foliage produced. Many experiments 
(22, 58, 98, 173) indicate that the nearer to the optimum the physiological 
balance of the nutrient solution the smaller becomes the transpiration per 
unit of dry matter produced. 

A. Potassium and physiological dryness of tissues. —Prom the obser¬ 
vation that potassium-starved fruit trees contained less water than plants 
receiving potassium additions, Wallace (221) postulates that physiological 
dryness of tissues may be a characteristic of plants deficient in potassium. 
James (76) also found a significant correlation (P < 0.01) between potas¬ 
sium and water content throughout the growth period of Solanum tuberosum 
in the presence of chloride ions but not in their absence, and Gregory and 
Richards (53) found even a decreased water content associated with addi¬ 
tional potassium at moderate concentrations. These facts would seem to 
indicate that other causes than osmotic pressure and solution tension are at 
work. Nevertheless, the influence of such a strongly hydrated element as 
potassium upon the swelling properties of gels must be considerable. These 
results are of interest with respect to the relation of potassium to chlorophyll 
formation and carbohydrate synthesis discussed earlier in this paper. In 
this connection, it is interesting to note that the work of Dastur and 
Buhariwalla (32) shows a positive correlation between the chlorophyll 
content and water content. Both rise as the leaf grows to maturity and 
both fall (the water content most) as the mature leaf grows old. 

In the present experiments, nitrogen appears to be the greatest factor in 
decreasing physiological dryness of tissues (table V). This may be due 
to the influence of sodium nitrate additions on the increased uptake of 
potassium. The leaves and one-year and season’s branch growth of trees 
receiving additions of all three nutrients (NPK) have the highest water 
content. * The series in descending order is: NPK > NP > NK = N > 
P > check. 

B. Bakhuyzen's PHY'SICO-dTEMICAL interpretation. — BAKHUl'ZEN 
( 10 ) has sought to interpret the facts of permeability, of ecological be¬ 
havior, of differentiation and adaptation, and also of the life cycle of plants 
from the colloid chemical view-point. The water content, therefore, plays 
an intrinsic role in this theory. If the data of Mommsen (124) and Naylor 
(130) can be generalized, “external” protoplasm has an isoelectric point 
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at a pH of 4.2-4.5, whereas that of the nucleus is much higher, viz., pH 
5.0-5.5. There exists, therefore, a relatively high ^-potential between “ex¬ 
ternal” protoplasm and the nucleus; in other words, the peripheral plasm is 
more negatively charged than the perinuclear part. Accordingly, Bakhuy- 
zen postulates that, as the growth of the cell proceeds, the hydration 
capacity of the “external” protoplasm increases (increase of negative 
charge), whereas that of the “internal” protoplasm or perinuclear plasma 
decreases (decreases of negative charge or increase of positive charge). 
Since the minimum hydration of a colloid is at its isoelectric point, a 
coagulation of the internal plasma with consequent loss of hydration water 
and absorbed solutes occurs as growth proceeds. In this way the vacuole 
is formed. As the cell grows the difference between the charge (^-potential) 
of the “external” and that of the “internal” protoplasm increases up to 
the point when the cell begins to age. If the negative charge on the outside 
of the protoplasm is destroyed, solutions of acids, bases, or salts will never¬ 
theless tend to stabilize the colloid. Bakhtjyzen argues that since Oster- 
hout (147) finds that death of protoplasm results in loss of isoelectric 
charge, there must, in long-living cells, be a force which keeps up this 
charge during the life of the cell. He postulates that the source of this 
counteracting force is probably the growth hormones, which increase the 
hydration capacity of the protoplasm during growth and tend to keep it 
up after growth in volume is over (56, 223). The withdrawal of water and 
salts from the vegetative parts (9) is thus accounted for. 

V. Summary 

Standard apple stocks vegetatively propagated from a single parent 
and wliip-grafted to scions from a tree of known history were planted in a 
virgin soil contained in 5 foot by 5.5 foot boiler plate cylinders. These 
cylinders, 42 in number, were sunk in the ground but were isolated from 
the surrounding soil by means of a 6-inch layer of crushed limestone. Two 
years after planting, the trees were subjected to differential fertilizer 
treatments by the application of different combinations of the pure salts 
NaNO s , CaH 4 (P0 4 ) 2 * 2H 2 0, and K 2 80 4 , applied in very small (low) con¬ 
centrations in the spring of each year. 

Marked differences in response to treatments were visible within a few 
months and became progressively intensified as the experiment continued. 
During the years 1925-1926, analyses of the one year and season’s branch 
growth with respect to certain elements or groups of elements were made 
at critical periods in the seasonal growth of the trees under sod. The bark 
and wood were separately examined. The reproductive responses are indi¬ 
cated by the number of blossom clusters formed during this period. Under 
cultivation: NPK, 353; NP, 334; N, 71; PK, 28; NK, 17; P, 13; check, 6. 
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Under sod: NPK, 328; NP, 145; NK, 102; N, 21; PK, 0; P, 0; check, 0. 
Branch elongation followed the same order relative to treatment. 

The analytical results on the one year and season’s branch growth show 
that: 

1. Both “glucose” and sucrose decrease rapidly during the period of 
active growth and accumulate again when growth acceleration diminishes; 
this accumulation of simple sugars appears to be a necessary precursor of 
growth. 

2. The concentration of simple sugars in the case of trees which did 
not receive any sodium nitrate applications is much lower than in the 
nitrogen-treated trees. 

3. Inhibition of invertase activity is marked in the case of the trees 
which did not receive nitrogen. 

4. The starch cycle in the w r ood lags behind that of the bark. Bud 
swelling, especially in the nitrogen-treated trees, is associated with a great 
decrease of nitrogen in the bark. 

5. Storage of starch up to the fall in the no-nitrogen trees is relatively 
very great, but the accumulated starch reserves of the trees which received 
applications of sodium nitrate rapidly diminish as growth proceeds. In 
relation to the different treatments, starch follows the ascending order 
NPK < NK < N < PK < P < check. Storage of starch is intimately con¬ 
nected with cessation of active growth and appears to be the cause of growth 
retardation in these experiments. 

6. The energy relations of glucose and starch are examined and dis¬ 
cussed. 

7. The literature on the physiological function of the hemicelluloses as 
reserve material is briefly reviewed. In the present experiments the sea¬ 
sonal fluctuations of this group are relatively small. 

8. As in the case of starch, the total available carbohydrates in relation 
to the different treatments follow the same ascending series: NPK < NP < 
NK < N < PK < P < check. 

9. Total nitrogen decreases rapidly during the period of active growth 
and accumulates in the fall. The concentration of nitrogen in relation to 
the treatments follows the descending series: NPK > NP > NK > N > P > 
check. 

10. The addition of nitrogen as sodium nitrate results in a great in¬ 
crease in the utilization of starch. Nitrogen concentration is the principal 
factor that determined, in these experiments, the utilization of accumulated 
starch; but increased phosphorus and potassium concentrations in the 
tissues examined also stimulate additional utilization resulting in increased 
fruit-bud formation. 
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11. The literature of the carbohydrate/nitrogen ratio (and also of the 
starch/nitrogen ratio) in relation to the vegetative and reproductive re¬ 
sponses of plants is examined and discussed. It is pointed out that, al¬ 
though no mathematical ratio in the sense of the existence of a specific 
carbohydrate/nitrogen ratio for a particular response exists for plants 
growing under different meteorological conditions, nevertheless, as the 
present experiment indicates, this ratio serves, under the conditions 
ordinarily met with in the field, as one of the most sensitive measurable 
indices of physiological balance that are at present available. In the 
present experiment this ratio shows a definite gradient relative to the treat¬ 
ments in the following ascending series: NPK < NP < NK < PK < P < 
check. 

12. The percentage of ash in relation to treatments is in descending 
order: NPK > NP > NK > PK > N > P > check. 

13. The literature with respect to the role of potassium in plant nutri¬ 
tion is briefly discussed. It would appear that the mechanism of the action 
of potassium is very complex and is probably the resultant of photoelectric 
as well as radioactive properties. 

14. Although the soil used in these experiments has a high potassium 
content (3.96 per cent. K 2 0), the application of K 2 S0 4 increased the potas¬ 
sium content of the tissues which has resulted in increased utilization of 
starch. 

15. The reciprocal relationship between potassium and nitrogen of 
plants found by some investigators is discussed. A positive and not a 
negative correlation between these elements is found in the present experi¬ 
ment. 

16. The application of phosphorus as CaH 4 (P0 4 ) 2 * 2H s O also resulted 
in increased utilization of starch. Phosphorus appeared to have assisted in 
the oxidation of the simple sugars. 

17. The amount of phosphorus absorbed by trees which received no 
applications of a phosphorus carrier, and also by those trees which received 
phosphorus additions unaccompanied by one of the other nutrient elements, 
is relatively small. The reasons for this are discussed. Applications of 
potassium and also of nitrogen have increased the absorption of phosphorus. 

18. Both the starch/P 2 0 5 and the available carbohydrate/P 2 0 5 ratios 
indicate that phosphorus may act as an accessory accelerator of respiration 
only if adequate supplies of nitrogen and potassium are present. 

19. Although some investigators find that physiological dryness of 
tissue may be characteristic of potassium-deficient plants, in the present 
experiment nitrogen has been the greatest factor in decreasing physiological 
dryness of tissue. Thus, the amount of water in the tissues examined fol¬ 
lows the descending series: NPK > NP — N > NK > PK > P > check. 
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20. The literature on many phases of the interrelationships between 
the plant and the soil pertaining to the present study is reviewed and 
examined. 

The budding, grafting, and general care of the trees were in charge of 
Dr. R. D. Anthony and Mr. J. H. Waring, of the Department of Horticul¬ 
ture. The growth measurements were made by Mr. Leif Verner and Mr. 
R. H. Sudds, also of the Department of Horticulture. 

The Pennsylvania State College, 

State College, Pa. 
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RELATION OF AGE AND OF SEASONAL CONDITIONS TO 
COMPOSITION OF ROOT, PETIOLE, AND LEAF 
BLADE IN RHUBARB 

Charles W. Culpepper and Joseph S. Caldwell 
(with five figures) 

Introduction 

Members of the genus Rheum have been employed in medicine from a 
period antedating authentic history, and the general distribution of most 
of the species throughout Europe and North America is due primarily to 
such use. The employment of rhubarb as an article of food is relatively 
recent, the earliest reference to such use found by Sturtevant (Hedrick 
17) bearing the date 1778; but its use appears to have become rather gen¬ 
eral shortly after 1800, Excellent descriptions of the several species are 
given by various writers (3, 7, 19) in connection with directions for the 
cultural treatment of the crop, and there is a rather extensive literature 
dealing with the chemical composition of the root and the physiological 
action of the various constituents isolated therefrom which has recently been 
reviewed in connection with a comprehensive reexamination of the root 
(35). The older literature dealing with the use of the plant in medicine 
has been exhaustively reviewed by Heuberger (18). Such chemical studies 
as have been made of the aerial parts have been concerned with the deter¬ 
mination of the food value of the petioles or with the possible toxicity of the 
leaf blades when employed as food. Apparently no comprehensive physio¬ 
logical or biochemical study of the seasonal development of the entire plant 
has hitherto been made. 

In many respects the rhubarb plant (Rheum hybridum was the species 
studied) lends itself exceptionally well to such investigation. The large 
size of the several parts and the extremely rapid development of the 
enormous leaf blades and petioles make it suitable for studies for which 
large quantities of material and frequent collections are necessary. The 
size of the leaves facilitates marking, so that collection of material of known 
age is readily possible. The high acidity and low carbohydrate content of 
the aerial parts are exceptional, and suggest that the metabolic processes 
of the plant possess features of interest. In connection with studies upon 
the food value and cooking and canning qualities of rhubarb, some of which 
have been reported elsewhere (14), it was found that the physiology of the 
plant presented some unique features. It was therefore considered advis¬ 
able to undertake biochemical studies for the light which the results might 
throw upon the problems of its utilization in cooking and in canning, as 
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well as for their general physiological interest. The present paper presents 
the results of this study. 

Review of literature 

The literature dealing with the chemistry of rhubarb is concerned, as 
already indicated, with the food value of the aerial parts or the therapeutic 
effects of the constituents of the root, and not with the biochemistry of 
growth and development of the entire plant or with the effect of climatic 
conditions or plane of nutrition in modifying the character or degree of 
these changes. The work of Steinmann (32) was devoted to the determina¬ 
tion of the titratable acidity of the petiole and leaf blade at various stages 
of development, to the effect of illumination and darkness upon the acid 
content, and to the gradient of titratable acidity between leaf mesophyll, 
veins, and petiole. He reached the conclusion that oxalic acid may be a 
product of photosynthesis, playing a role analogous to that of carbohydrates 
in ordinary green plants. Ruiiland and Wetzel (27) have reported 
studies upon the plant which they consider indicate that the high acid con¬ 
tent is the result of deamination of proteins rather than of partial oxida¬ 
tion of carbohydrates. 

There is an enormous literature dealing with the annual cycle of 
chemical exchanges between leaves and storage organs of woody perennials, 
and particularly of fruit trees, from which the general character and se¬ 
quence of these changes can be rather completely determined. This litera¬ 
ture has been excellently summarized by Gardner, Bradford, and Hooker 
(16), and by Chandler (13). The degree to which the results of such 
studies apply without modification to the rhubarb plant is questionable, 
since production of flower stalks and fruits is normally prevented in cul¬ 
tivation, storage of reserves is confined to the underground rhizome and 
roots, and the aerial parts are remarkable for their consistently high acidity 
and low content of sugars and acid-hydrolyzable polysaccharides at all 
stages of their development. In consequence the physiology of the plant 
would be expected to present some points of contrast with that of woody 
stemmed perennials and trees on the one hand, and with that of annuals on 
the other. 

There is a considerable literature dealing with the chemistry of develop¬ 
ment of foliage leaves, chiefly of herbaceous perennials and trees. The re¬ 
sults reported by Otto and Kooper (24, 25), Tucker and Tollens (34), 
Swart (33), and LeClerc du Sablon (15) are typical. Swart found that 
the fall of the leaf in autumn was preceded by a decrease in protein and in 
nitrogen, phosphorus, and potassium. He reviewed the older literature in 
considerable detail and presented analyses upon leaves of a great number 
of trees and perennial shrubs made at two stages, namely, when the leaves 
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were normally green and when autumnal coloration had set in. In all 
cases the development of coloration is accompanied by very marked decrease 
in total nitrogen, potassium, and phosphoric acid. 

Tucker and Tollens (34) collected leaves of Platanus occidentalis at 
intervals of 3 to 4 weeks from June 13 until November 5, and determined 
water and ash content and the composition of the ash. The water content 
was highest in the first sample and decreased gradually up to October 8, 
then rose slightly in the final sample. Ash increased throughout the series. 
The percentage of silica, calcium, magnesium, and chlorine present in the 
ash increased steadily through the series; phosphoric acid and potash were 
highest in the initial sample and fell off gradually up to September 7, then 
more rapidly to values less than one-half those of the initial sample. Nitro¬ 
gen showed a similar but more pronounced decrease to one-fourth its 
original amount. Tucker and Tollens reduced their results to terms of 
equivalent leaf area, so that the decreases are absolute and not relative. 
As Wehmer (38) had suggested the possibility that constituents of the 
ash were removed from the older leaves by rains, a portion of the tree was 
protected by a water-tight cover during rainfall from October 8 onward. 
The differences between protected and unprotected leaves were without 
significance. The reduction in potassium, phosphoric acid, and nitrogen 
was therefore due to transport from the leaves into the wood, not to leach¬ 
ing by rains. 

LeClerc du Sablon (15) made determinations of sugars and total car¬ 
bohydrates, total nitrogen, fat, and water in root, stem, and leaf of chest¬ 
nut, pear, quince, peach, and willow trees and in raspberries at intervals 
of 30 to 35 days throughout the year, finding that the total carbohydrate of 
leaves generally increased somewhat, then fell off very considerably previous 
to leaf fall. Total nitrogen was maximum in amount in the youngest 
leaves and decreased rapidly until the leaves were fully grown, then de¬ 
creased more slowly. Water content was highest in the youngest leaves 
and decreased with age. Carbohydrates and total nitrogen of root and 
stem were maximum in October and November, decreased rather rapidly to 
a minimum in April or May, then increased from June or July to the end 
of the growing season. 

Berthelot ( 6 ) has summarized a considerable number of analyses of 
various plants at several stages of development, but the distribution of 
nitrogen among its various forms was not determined. 

The work of Otto and Kooper (24, 25), while primarily carried out 
with another purpose in mind, shows that there is a progressive decrease in 
nitrogen content of the leaves of S yringa vulgaris , Sambucus nigra, Phtla - 
delphus coronarius , and Aesculus hippocastanum throughout the season. 
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The literature in regard to the chemical changes in the leaves of de¬ 
ciduous perennials and trees is in agreement with that here cited in indicat¬ 
ing that there is a progressive decrease in total nitrogen content of the leaf 
from spring to autumn, and that senescence of the leaf is preceded by a 
complete disappearance of nitrates and a further decrease in nitrogen, 
phosphorus, and potash as a result of transfer from the leaf to the stem. 
Concurrently with the decrease in total nitrogen there is a progressive 
increase in water content of the leaf, which becomes relatively stationary 
during the period of functional activity and declines as senescence sets in. 
Benedict ( 4 ), who has summarized the literature on the physiological 
changes occurring in senescence in leaves, found that old leaves of Vitis 
vulpvna had materially lower capacity for absorbing water than young 
leaves, which he attributed to the increased content of vascular tissue in 
the old leaves. 

Certain annual plants are known to accumulate very considerable quan¬ 
tities of nitrates in their stems and leaves. Boutin (8, 9) reported in 
1873-1874 the finding of large quantities of potassium nitrate in aerial 
parts of Amaranthus atropurpureus, A. blitum, and A. ruber . Pammel 
and Dox (26) made chemical analyses and microchemical studies of A. 
blitoides, A . graecizans, and A. retroflexus, and the results of their total 
nitrogen determinations ranged between 1.88 and 2.49 per cent. As the 
quantities of protein indicated by the microchemical tests 'were in all cases 
very small, much the larger portion of the total nitrogen was non-protein 
nitrogen, and a considerable part may have been present as nitrate. These 
reports prompted further work by Woo (39) and its subsequent extension 
by Campbell (12). 

Woo made chemical analyses of roots, stems, branches, and leaves of 
Amaranthus retroflexus at three stages of growth, beginning at emergence 
from the ground and ending just before blooming. Campbell (12) con¬ 
tinued the work to include the mature stage and also made analyses of 25 
other weed species at three stages of development. Woo had found a pro¬ 
nounced accumulation of nitrate nitrogen in the stems and branches with 
less marked increase in the roots just prior to blooming, which had entirely 
disappeared frojn all parts in the mature plant. Campbell found in all 
the species studied that a somewhat analogous accumulation of nitrate 
nitrogen occurred in the early stages of growth, reaching its maximum just 
before blooming, then disappearing in the mature stage. Of the various 
orders and families represented, representatives of Chenopodiales showed 
the highest accumulation of nitrate, with Polygonales ranking next 
(represented by Bumex crispus , Polygonum pennsylvanicum , and P. con¬ 
volvulus). When grown in soils very high in available nitrate content, as 
on piles of stable manure or decayed hog hair, Amaranthus retroflexus and 
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Atriplex patula showed a considerable content of nitrate nitrogen at full 
maturity. In all the forms used the total nitrogen content of stems, roots, 
and leaves decreased from the earliest stage to maturity. 

Woo found that total carbohydrates, polysaccharides, and non-reducing 
sugars in roots and stems increased in the first two weeks after emerging 
from the soil, meanwhile decreasing in the leaves. Just before blooming 
the relations were reversed, a sharp decrease in these constituents in the 
root and stem accompanying the increase in the leaves. Total carbo¬ 
hydrate and total nitrogen showed reciprocal fluctuations in each of the 
three parts, increase in total nitrogen accompanying decrease in total 
carbohydrate and vice verm . 

From the results reported by Campbell, it would appear that accumu¬ 
lation of considerable quantities of nitrate in the leaves of annuals, biennials, 
and perennials whose above-ground portions mature and die before frost 
is of rather general occurrence in the period prior to blooming; but that the 
appearance of flowers and seed is accompanied by total or nearly total dis¬ 
appearance of nitrates from leaves and stems. 

The work of Schertz (30) on mottling of leaves of Coleus, taken in con¬ 
junction with the earlier work of Sampson (29), on abscission in the same 
plant, is of interest in this connection. The normal green leaves of this 
plant have a somewhat high content of nitrate at all stages of growth up 
to full size, no material reduction in nitrate content occurring so long as 
the leaf is functional. Leaves in which mottling had become perceptible 
were always lower in all forms of nitrogen (and especially in nitrate nitro¬ 
gen) than normal green leaves; their phosphate content was only one-third 
that of normal leaves. In leaves in which the abscission layer was in 
process of formation, Sampson's analytical data indicate that there is a re¬ 
duction in nitrate nitrogen in the leaf blade with a considerable increase in 
the immediate neighborhood of the abscission layer previous to leaf fall. 
There was little evidence of any general transport of carbohydrates, phos¬ 
phates, or organic nitrogen compounds out of the leaf previous to its fall. 
Sampson gives no indication as to the age of his plants nor as to whether 
they had reached the flowering stage. The photographs accompanying the 
paper of Schertz (30, figs. 5, 6) indicate that the plants from w’hich leaves 
were taken Tvere producing flowers. It would consequently appear that in 
Coleus no such reduction of nitrate content of the leaves occurs at flowering 
as was found by Campbell in Amarantkus and other weeds. 

Nightingale (23) concludes that “nitrates may be stored by the plant 
within itself until the proper conditions arise for synthesis to other forms 
of nitrogen." This is unquestionably true. The high nitrate content of 
young plants and the lower content of the mature plants examined by 
Campbell may be due to exhaustion of available nitrates within reach of 
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the root system and to utilization of the stored nitrate in the construction 
of protein, or to the possession of high nitrate-absorbing capacity by the 
young plant and cessation of such absorption, regardless of supply, as its 
utilization in growth ceases after production of flowers and seeds. 

Summarizing, it would appear that in annuals, nitrates are rather gen¬ 
erally accumulated during the period of most active growth and exhausted 
during development of the reproductive structures. 

Experimentation 

The purpose of this paper is to record some of the findings in regard to 
the biochemical changes occurring in the rhubarb plant in the course of 
its seasonal growth. Particular attention has been directed to the changes 
in acidity, carbohydrate, and nitrogenous constituents occurring incidental 
to growth, maturity, and senescence of the aerial parts, and to the effects 
of the annual march of seasonal conditions upon the character of these 
changes. 

Source of material 

The material used in these studies of rhubarb was supplied through the 
kindness of D. N. Shoemaker and was grown in the variety test plot at 
Arlington Experimental Farm near Rosslyn, Va. The variety, Ruby, was 
originated at the Central Experimental Farm, Ottawa, Canada, and was 
named and distributed for trial by Dominion Horticulturist W. T. Macoun 
(20) in 1923. The planting was made in the spring of 1927 with material 
obtained by the usual method of dividing the crowns of old plants. The 
samples were taken in 1928, so that the planting was one year old. Gen¬ 
erous applications of well rotted stable manure were made in 1927, but no 
manure or commercial fertilizer was applied in 1928. The plot was fre¬ 
quently cultivated throughout the season to kill weeds. No flower stalks 
developed upon any of the plants during the season. The variety is one 
that does not readily form flower stalks. 

Methods of sampling 

Four series of samples were taken during the season. The first of these 
series differed from the others in that it consisted of the first leaves which 
were developed by the plants in the spring. The plot was inspected on 
April 21, at which time the leaves were just appearing above ground. 
Identifying tags were attached to a considerable number of leaves having 
petioles 2-4 inches in length with the leaf blade not yet completely ex¬ 
panded. These leaves were arbitrarily assumed to be 10 days of age at 
this time. From the group of leaves so marked, samples were taken at in¬ 
tervals of 10 to 14 days, beginning April 21, up to June 15, at which time 
the leaves first marked w r ere 65 days of age and were yellowing and dying. 
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From April 21 onward the plants were inspected at intervals of 5 to 8 
days, and a number of developing leaves having petioles 2-4 inches long 
were tagged at each inspection. This made it possible to collect at one time 
a series of samples of leaves and petioles of known and varying ages up to 
senescence. Such collections were made on three dates, June 5, July 6, and 
October 17, each collection consisting of samples ranging in age from 5 to 
8 days up to 60 to 65 days. ?In consequence, while the first series consisted 
of petioles and leaves all of which began their development at one time, 
the later series were made up of material beginning development at various 
dates throughout the entire period of active growth, from April 11 to 
October 9. 

The samples were in all cases collected about 10 o’clock in the morning, 
after dew, if present, had evaporated. Each sample was made up of about 
40 leaves from 20 plants, collected by pulling the petioles away from the 
crown, as is customary in harvesting for market. The material was imme¬ 
diately transferred to the laboratory and sampled for analysis as rapidly as 
possible, being protected from evaporation meanwhile. In taking the 
samples of leaf blades, the midrib and its lateral branches were removed and 
discarded, the sample consisting of mesophyll tissue with only the smaller 
veins, taken from various regions of a great number of leaves. The samples 
of petioles were prepared by cutting thin sections from upper, middle, and 
basal regions of each of a sufficient number of petioles to make up the de¬ 
sired quantity. Duplicate 100-gm. samples were taken in all cases. In 
taking the root samples, an entire plant was taken up, brought into the 
laboratory, and portions of the root system selected which were as nearly 
representative of the entire system as a whole as possible. As it was not 
possible to collect the very fine rootlets, the samples consisted chiefly of 
the thickened rootstocks and roots in which storage of starch and other 
substances occurs. The first root sample was taken April 21, at the out¬ 
set of seasonal activities; the others were taken at the same time as the 
petiole and leaf samples. 

Methods of analysis 

The samples were preserved in sufficient 90 per cent, alcohol to make 
the final concentration 75 per cent, and were heated to boiling to stop 
enzyme action. The following November the samples were extracted with 
alcohol, the extracts made up to volume, and aliquots taken for determina¬ 
tion of soluble solids, sugars, tannins, and nitrate nitrogen. Acid- 
hydrolyzable polysaccharides were determined upon a portion of the in¬ 
soluble residue. Total nitrogen determinations were made upon portions 
of material dried in an air oven at 70° C. and finished in a vacuum oven. 

Sugars. —Determinations were made before and after hydrolysis with 
HC1 at 70° F. by the Munson-Walker method, the cuprous oxide being 
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determined by the volumetric permanganate method. The results for free 
reducing sugars are omitted from the tables. 

Titratable acidity. —Titrations were made with N/10 NaOH against 
phenolphthalein and the results expressed as malic acid. 

Tannins. —Titrations were made with N/20 KMn0 4 with indigo-carmine 
as indicator. 

Acid-hydrolyzable polysaccharides. —The official method of the Asso¬ 
ciation of Official Agricultural Chemists for determination of starch by 
direct acid hydrolysis was employed. (See footnote, p. 462.) 

Total nitrogen. —Determinations were made by the Kjeldahl method 
as modified to include nitrate nitrogen. 

Nitrates. —The method recommended by the Official Methods for deter¬ 
mination of nitrates in meats was followed. 

Amino acids. —Determinations were made by the Van Slyke method 
upon aliquots of the material after preservation in alcohol. In view r of the 
work of Webster (37), it is doubtful whether the results can be considered 
reliable, but they may have a certain degree of comparative value. 

Weather conditions during sampling period 

The weather conditions for the 12 months of 1928 are given in table I, 
which summarizes for each month the rainfall, normal mean temperature, 
and percentage of the possible sunshine, with departures from the respec¬ 
tive monthly normals. The year was somewhat warmer than normal up 
to April 1, with somewhat deficient rainfall. April had a moderate excess 
of rain and was below normal in temperature; May was very close to normal 
in all respects; June and July w r ere deficient in rainfall and drought con¬ 
ditions had become well established by August 11 and 12, at which time 
rainfall of more than 8 inches occurred, followed by several further rains 
which brought the total for the month up to 14.41 inches. September was 
markedly cool and deficient in sunshine ; October was dry and warm, as 
were the following months. 

In table II the weather conditions for 40 days preceding the taking of 
each sample are stated by periods of 10 days each, mean temperature, per¬ 
centage of possible sunshine, and rainfall having been calculated from the 
daily records of the Weather Bureau. Certain facts are immediately 
obvious from inspection of the table. 

The first series of samples began development about April 10 and were 
collected at various times up to June 15. The second series began develop¬ 
ment at various times between April 21 and June 1 and were taken all at 
one time on June 5. The period from April 21 to June 15 was one of 
progressively rising temperature, with sunshine close to the normal and 
with no marked deficiencies in rainfall. The 10-day period ending April 
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21 had only 0.24 inch rainfall, but the preceding 10 days had 1.42 inches. 
The period May 26 to June 15 had only 0.86 inch, but the preceding 10-day 
period had 2.54 inches. In no case during the taking of these samples was 
there a period of drought such that the soil became markedly deficient in 
moisture, nor was there any such marked or prolonged departure from 
normal in temperature or in incidence of sunshine as might be expected 
appreciably to affect the rate of development of the plants. 

The third series, collected July 6, presents some contrasts with the sec¬ 
ond series. The mean temperature for the 30 days preceding July 6 was 
9 degrees higher than for the corresponding period ending June 5, while 
the rainfall was only 54 per cent, of the amount for that period. These 
samples consequently developed in a period that combined high tempera¬ 
tures and resulting maximum transpiration with a considerable deficiency 
in water supply. The fourth series, collected October 17, developed in a 
period of markedly deficient precipitation. The 10 days immediately pre¬ 
ceding sampling were entirely rainless, the second 10 days had 0.55 inch, 
and the third 10-day period was again rainless. The dry period had been 
of sufficient duration at the time of sampling to reduce soil moisture to a 
very low level, and the mean temperature for the month preceding sampling 
was only 5.4 degrees below that for the third series and 3.7 degrees above 
that of the second series. 

Summarizing, the first and second series developed in a period of ample 
rainfall and low mean temperature; the third series developed in a period 
of subnormal rainfall and maximum mean temperature; the fourth series 
developed in a period of markedly deficient rainfall and intermediate mean 
temperature. The percentage of possible sunshine is markedly uniform in 
all the series. Obviously, any effect of environmental conditions apparent 
in comparing the several series may be expected to be that of progressive 
reduction of moisture content of the soil accompanying the progress of 
the season. 

Analytical results 

The results of the analyses are assembled in table III, and the changes 
in the several constituents are graphically presented in figures 1 to 5. The 
general course of the changes in composition of the petiole and leaf will be 
indicated, after which the details of differences between the several series 
will be discussed. 

Total solids 

It is noted at once that there was a' very striking difference in total 
solids between the mesophyll tissue and the petioles. The total solids of 
the leaf tissue were everywhere much greater, in the early stages about 
three times as great, as in the petiole. Total solids of the leaf decreased 
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progressively with increasing age until the leaf had practically ceased to 
grow, then fell off more slowly until the leaf was senescent (fig. 1, curves 
A'-D'). The whole course of development of the leaf is accompanied by a 
progressive hydration which varies in rate with the amount of external 
water supply, as evidenced by the flatness of curve D' (representing a 
series grown under conditions of rather severe drought). It would appear 
that the developing leaf is high in its content of hydrophilic colloids and 
that these become progressively saturated as the leaf ages. With attain¬ 
ment of full size and cessation of the formation of new 7 colloidal materials, 
absorption of water slows down, but continues, except in one case (figure 
1, A'), up to the final sampling. It seems possible that the old leaf may die 
because it can no longer obtain w r ater, lacking a saturation deficit of suf¬ 
ficient magnitude to maintain a wrater balance against transpiration. 



Fig. 1. Changes in total solids content in leaf blades and in petioles of rhubarb with 
increase in age and advance of season: A, A', series collected April 21 to June 15; 
B f B'y series collected June 5; C, C', series collected July 6; D, D', series collected 
October 17. 
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The changes in total solids content of the petioles take a definite course 
which is of interest (fig. 1, A-D). During the period of rapid elongation 
of the petiole the solids decrease. As elongation slows down and the period 
of maximum photosynthetic activity of the leaf is entered upon, solids in¬ 
crease again, becoming stationary or falling off somewhat as senility of the 
leaf commences. 

It will be observed that there is considerable difference in total solids 
content of both leaves and petioles in the series taken at different seasons. 
In series I and II, developing in the spring, total solids are consistently 
lower at all sta^s in both leaves and petioles than in series III and IV, 
collected in July and October. Further, series IV, collected in October, is 
distinctly higher in solids than series III, except in the old petioles. These 
differences would appear to be explained by the fact that the water supplied 
by rainfall during the last month of development of series III and IV was 
only about one-half and one-eighth that received in the corresponding 
period by series I and II. It would appear that the saturation deficit of 
the leaf tissues is largely satisfied in the first half of the life period if the 
water supplied the root is ample, but that its satisfaction is progressively 
retarded with progressive decease in water supply. 

Total solids of the root show a decrease from the first sampling, April 
21, to that on May 19, due to defection of the reserves of the root system 
by the developing foliage. On July 6, storage of reserves is well advanced, 
and on October 17 the total solids content of the roots is more than 200 
per cent, of that present at the height of the growing period on May 19. 

Alcohol-soluble solids 

The alcohol-soluble solids of the leaf blade are high in the earliest 
samples taken and decrease rapidly until the leaf is full-grown, then more 
slowly up to old age. The final value in old leaves is about 50 per cent, 
of that of the youngest samples. In the petioles, soluble solids fluctuate 
within narrow limits, decreasing somewhat in the period of most rapid 
growth, then returning to the original level. In series III and TV there is 
a decrease in the final sample not found in the earlier series, for which no 
explanation is apparent. 

The general level of alcohol-soluble solids is higher in the petioles of 
series III and IV, but there is no consistent difference in the leaves. The 
alcohol-soluble solids of the root show little change, decreasing slightly from 
April to May, then rising to somewhat higher levels in July and October. 

Alcohol-insoluble solids 

The alcohol-insoluble solids of the leaf blade decrease rather rapidly 
until the leaf is full-grown, then more slowly, with some fluctuations, to 
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a value at final sampling about two-thirds of that found in the earliest 
sample. The alcohol-insoluble fraction in the petioles remains stationary 
or decreases during rapid growth, then rises somewhat with increasing 
age. The general level of insoluble solids in the petioles is a little higher 
in series III and IV than in the earlier series. 

The fluctuations in both alcohol-soluble and alcohol-insoluble fractions 
in petioles and leaves of series I suggest that both may be temporarily 
affected by climatic conditions, and particularly by rainfall. 

Alcohol-insoluble solids in the roots decrease to a minimum in May, 
when rapid development of aerial parts at the expense of stored reserves 
is occurring, then increase rapidly to the July sampling, and more slowly 
to October, when the amount is 282 per cent, of that present in mid-May. 
The large seasonal change in total solids of the roots is practically wholly 
due to the change in amount of the alcohol-insoluble fraction. 

Sugars 

It is obvious that the total sugars are low in both leaf and petiole, and 
the differences between them are not marked. There is a slight tendency 
for the sugars of the leaf blades to be highest in young samples and lowest 
in old samples, while lowest in young petioles and higher in older ones; 
but between the tw r o extremes there is considerable and rather abrupt 
fluctuation, so that the curves are irregular. It does not seem to be justi¬ 
fiable to draw any very definite conclusion as to the mechanism of the 
transportation and the use that is made of the sugars. 

Acid-hydrolyzable substances (polysaccharides ) 1 

The acid-hydrolyzable substances are very low in both the leaf and 
petiole. The figures indicate that the change in content with age is not 
great. They seem to be highest in both petioles and leaves in series III. 
In the series taken in June and July these substances are highest in the 
samples of medium age, being low when young and decreasing again with 
age. This is not apparent in the other two series. Starch is practically 
absent in the petiole and not high in the leaf. Acid-hydrolyzable substances 
are at a minimum in the root in May, increasing to over 600 per cent, of 

* Hie term * ‘ acid-hydrolyzable polysaccharides ’ 9 as applied to the substances con-^ 
verted to reducing sugars by the official method of direct acid hydrolysis for starch of the 
Association of Official Agricultural Chemists, which was here used, is technically inac¬ 
curate, since the reducing sugars obtained may be derived from polysaccharides, pen¬ 
tosans, glucosides, nucleic acids, or other substances having a sugar group in the molecule. 
While a misnomer, it has the merit that prolonged usage has made biochemists familiar 
with its real meaning as here, employed. * ‘ Acid-hydrolyzable substances, * ’ while less 
restrictive, is indefinite unless the exact conditions of the hydrolysis are stated. 
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the spring valfie in October. Approximately one-half of the total solids 
of the October sample is in this fraction. 

Tannin 

There is a striking difference in the tannin content of the leaf and 
petiole, that of the le^f being one and one-half to four times as high as that 
of the petiole. In the petiole the stage of maturity makes no striking dif¬ 
ference until the very, old samples are reached, when it becomes much 
lower. In the leaf the tannin is highest in the young and lowest in the 
old material. 'The decrease in amount in the leaf is rapid in the period of 
most rapid growth, 5 to 20 days of age, then becomes slow and fluctuates 
irregularly. Tannins in the root increase slightly from first to last 
sampling. 

TlTRATABLE ACIDITY 

The titratable acidities of petioles and leaf blades show consistent and 
striking differences at all stages (fig. 2). That of the petiole is always much 
higher, being double that of the blades in the youngest samples and about 
one and one-half times that of the blades in the older ones. The changes 



Fig. 2. Changes in titratable acidity of leaf blades and petioles of rhubarb with 
increase in age and advance of season: A t A' f series collected April 21 to June 15; B, B', 
series collected June 5; C, C', series collected July 6; D, D' } series collected October 17. 
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with age in the leaf tissue are an increase in the period of rapid growth, a 
period of little change during the period of maximum photosynthetic 
activity of the leaf, and a gradual decline as the leaf becomes old. In the 
petiole, acidity remains somewhat constant or decreases only slightly until 
the petioles are 45-55 days old, then declines rather rapidly in the old 
samples. It is noteworthy that the acidity of both petioles and blades of 
series III and IV is considerably higher throughout than in series I and 
II, that of the petioles being about 150 per cent. This difference may find 
its explanation in the reduction of available water supply during the de¬ 
velopment of the later series. 


Total nitrogen 

The curves representing total nitrogen content of petioles and leaves 
show the striking differences which exist (fig. 3). The total nitrogen of 
the leaf mesophyll is in the young leaf 400 to 500 per cent, of that of 
the petioles of like age; that of the old leaves is approximately 300 per 
cent, of that of old petioles. There is a marked decrease in total nitro¬ 
gen of leaves with age, the final values for leaves 60 to 65 days old ranging 
from 35 to 45 per cent, of those of the youngest samples. The decrease is 
not especially rapid at any particular stage, but continues at a rather 
uniform rate throughout the whole life of the leaf. The petioles also de¬ 
crease progressively and rather uniformly in total nitrogen content 
throughout life, the total decrease amounting to 30 to 50 per cent, of the 
initial content. The differences in level of total nitrogen content between 
the several series are not great in amount and are not correlated with the 
march of seasonal conditions. 

The total nitrogen content of the roots decreases up to July 6, but has 
risen on October 17 to a level slightly above that of the initial sample of 
April 21. There is apparently a progressive depletion of total nitrogen in 
the roots so long as new leaves are being developed, followed by an in¬ 
crease after such development has ceased for the season. 

There is clearly no such great and rapid reduction of total nitrogen in 
the old leaves by transfer into the perennial parts as has generally been 
found to occur in woody perennials and trees. The curve of decrease in 
the leaf is very nearly a straight line with no alteration in direction with 
old leaves, despite the fact that the blades of the final samples were gen¬ 
erally yellowing and had dead areas at the edges. The present data do not 
permit decision as to whether the reduction in percentage of total nitrogen 
is only apparent and not actual, and attributable to the changes in com¬ 
position occurring with age, or whether slight actual decrease occurs. 
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A GE /A/ DAY'S 

Fig. 3. Changes In total nitrogen content of leaf blades and petioles of rhubarb 
with increase in age and advance of season: A . A', series collected April 21 to June 15; 
B, B / , series collected June 5; C, C' f series collected July 6; D, B', series collected 
October 17. 

Amino nitrogen 

The determinations of amino nitrogen were made upon material pre¬ 
served in alcohol. They were completed prior to the appearance of the 
paper by Webster (37) on the losses of amino nitrogen occurring in mate¬ 
rial preserved in this manner, especially when nitrates are present. It is 
very questionable whether the results have any quantitative value. The 
extremely irregular character of the curves is not conducive to confidence in 
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their accuracy. The results are included in the table and represented in 
figure 4 for any comparative value they may have. They indicate that 
there is a progressive but rather irregular decrease in amino nitrogen from 
first to lw«t- samplings in both leaf blades and petioles. They seem to indi¬ 
cate also that there is a decided difference in general level of amino nitrogen 
content between the earlier and the later series, as series III and IV are 



with increase in age and advance of season: A, A' } series collected April 21 to June 15; 
B, B\ series collected June 5; C, C', series collected July 5; D, D\ series collected 
October 17. 
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very materially higher throughout, both in petioles and leaves, than are 
series I and II. Whether the concurrence of higher amino nitrogen values 
in these series with the lower available water supply during their develop¬ 
ment is significant or merely a coincidence cannot be determined in view of 
the questionable character of the method employed. 

Nitrate nitrogen 

As has been the case with several other constituents, and particularly 
with total nitrogen, there are striking differences between the leaf mesophyll 
and the petiole in nitrate nitrogen content. In contrast to total nitrogen, 
nitrate nitrogen is highest in the petioles, and the differences between petioles 
and leaves are greatest in the oldest material. In both petioles and leaves, 
nitrate nitrogen is minimum in amount in the youngest samples and rises 
with age (fig. 5). The amounts present in leaves are always low but the 
increases, while small, are consistent and significant, the final samples of 
the several series having amounts ranging from 160 to 850 per cent, of those 
of the initial samples of their respective series. The amounts initially 
present in the youngest petioles are much larger than in leaves, and increase 
rapidly with age, the final content of the old petioles ranging between six 
and nine times that of the old leaf tissues. It is apparent that the plant 
absorbs quantities of nitrate nitrogen far in excess of its anabolic require¬ 
ments, and that the petioles serve as storage organs for the deposition of 
the excess. That this nitrate nitrogen is neither used in the leaf nor 
returned to the roots is clear, since the petiole attains its maximum nitrate 
nitrogen content when the leaf blade is yellowing and dying. The nitrate 
nitrogen content increases rather rapidly, even during the period of rapid 
growth when synthesis of protein is actively in progress, but becomes more 
rapid after the leaves are full-grown. There is, of course, a possibility that 
lack of some other constituent prevented utilization of the nitrate nitrogen 
and that it was consequently stored in the petioles, the metabolic processes 
never becoming such that it could be used. Further study will be necessary 
to determine whether development of flower stalks is accompanied by with¬ 
drawal of nitrate nitrogen from the petioles, since the variety employed is 
one which only exceptionally develops flower stalks, and none were devel¬ 
oped during the progress of the work. 

The progressive accumulation of nitrate nitrogen in the petioles is a 
matter of great practical importance in the canning of rhubarb, since 
nitrate nitrogen has an intense corrosive action upon the tin can. This 
matter has been dealt with in detail by Culpepper and Moon ( 14 ) in their 
report upon the behavior of rhubarb in canning. 

It is unfortunate that soil samples were not taken and that it cannot be 
determined whether the amount of nitrate nitrogen in the tissues shows any 
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Fig. 5. Changes in nitrate nitrogen content of leaf blades and petioles of rhubarb 
with increase in*age and advance of season: A, A series collected April 21 to June 15; 
B, B', series collected June 5; C, C', series collected July 0; D, D' f series collected 
October 17. 

correlation with the amount present in the soil. It is probable that the 
reduction in amount of available soil nitrates with advance of the season 
may be responsible for the differences between the earlier series and series 
III and IV. In the first two series, nitrates are higher in both leaf blades 
and petioles than in the later series. Series III, taken in July, is con¬ 
sistently somewhat lower throughout in both leaves and petioles than I and 
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II while series IV is lower than III, the difference being especially marked 
in the old petioles. This may be a result of progressive decrease of available 
nitrate in the soil. Another fact which is significant in relation to the low 
nitrate content of series IV is the extraordinarily heavy rainfall of August, 
which had a total precipitation of 14.41 inches, or 10.40 inches’ excess over 
the normal, largely occurring as heavy rains between August 11 and August 
26. This excessive precipitation, which was followed by drought extending 
from mid-September through October, probably resulted in leaching out 
much of the nitrates present in the soil, and is without doubt a significant 
factor in the reduction of the nitrate content of the older samples of the 
October series to less than half that of the corresponding samples taken 
earlier in the season. That the reduction of available nitrate was limited 
in its effect to reducing the storage of excess nitrate in the petioles and did 
not affect the total nitrogen content of the leaves and petioles is immedi¬ 
ately apparent from the graph (fig. 3, curves D and D'). 

Discussion 

The biochemistry of the rhubarb plant presents some interesting points 
of difference from that of woody perennials or that of annuals and biennials, 
which may be briefly summarized. 

The wurk of LeClerc du Sablon (15) with leaves of chestnut, pear, 
peach, quince, and willow trees and raspberries, and that of Tucker and 
Tollens (34) w T ith Platanus occidentalis, indicate that in these forms 
there is a progressive decrease in w'ater content with age. A similar situa¬ 
tion prevails in annuals, and is attributable in part to progressive increase 
in vascular elements and cutin and in part to the presence of such products 
of photosynthesis as starches and sugars. In the work of the investigators 
cited, as well as in all similar studies found in literature, the entire leaf and 
petiole were taken together, so that it is impossible to ascertain the nature 
of the changes taking place in the leaf mesophyll as distinguished from 
petiole, midrib, and veins. 

In the rhubarb leaf from which petiole and larger veins have been sepa¬ 
rated, the situation with respect to water content is precisely the reverse of 
that recorded for entire leaves of other plants. The youngest material 
obtained had a minimum water content which increased steadily with 
advance in age up to senescence, but most rapidly during the period of 
rapid increase in size. In this respect the growth of the leaf blade of 
rhubarb bears less resemblance to that of other and entire leaves than it does 
to that of young fruits, which have been shown by Caldwell (11) to be 
initially high in total solids and to increase markedly in water content 
during the phase of most rapid growth. The extent to which the situation 
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found in the leaf blade actually differs from that in the mesophyll of other 
types of leaves can be known only when the changes in the leaf blade proper, 
separated from the petiole and principal veins, have been studied in such 
leaves* In one respect the rhubarb leaf differs markedly from those of 
most other dicotyledonous plants, namely, in the practical absence of stored 
starch at all times. 

The carbohydrate economy of the rhubarb plant presents some interest¬ 
ing problems. The total sugar content of the leaf is always very low, 
reaching 1 per cent, of the fresh weight in only one sample. It is with one 
exception highest in the youngest leaf blades of the series, collected while 
still largely folded and partially covered by the soil, and consequently before 
active photosynthesis could have begun. The amount present falls off 
slightly during the period of most rapid growth, rises as the leaf becomes 
full-grown, and drops again in senescence; but the changes are within 
extremely narrow limits and could not be considered significant did they 
not occur in all the series. The sugar content of the petiole is also low at 
all stages of growth, being sometimes above and sometimes below that of the 
corresponding leaf blade. In the October series it is somewhat higher 
throughout than in the earlier series, but drops abruptly to the same general 
level in the final sample. The sugar content of the root system is practi¬ 
cally the same on April 21 and October 17, but is lower in May and higher 
in July. 

Starch is present only in traces in petiole and leaf, as determined by 
microchemical tests, and the total acid-hydrolyzable substances are alwaj’s 
low. In the leaf the amount of such substances present in the young, par¬ 
tially folded blade is in most cases about as great as in the fully expanded 
photosynthetically active leaf, and the amount present in the old, yellowing 
leaves is two-thirds to three-fourths that present in the active leaves. The 
acid-hydrolyzable substances of the petiole are lower in amount than those 
of the leaf blades, and fluctuate irregularly without significant change from 
youngest to oldest samples. There is no evidence of an accumulation of 
starch either in leaf or petiole as a result of photosynthetic activity, and 
the results indicate that there is no accumulation of sugar as such in the 
leaf. The amounts of sugar in the leaves and their petioles vary indepen¬ 
dently in such fashion as to make it clear that there is no concentration 
gradient such as has been shown to exist in various other plants. While the 
samples were uniformly collected at 10 a. m. on clear days, when photo¬ 
synthesis should have been actively in progress for several hours, the leaves 
and petioles of fully functional leaves show no consistently higher content 
of sugar than do the young, not yet expanded leaves or the old, yellowing 
ones. The manufacture and transfer of photosynthetic products is accom- 
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plished without any such accumulation of sugars in the leaf or in the con¬ 
ducting system as is a normal accompaniment of photosynthesis in foliar 
organs. The absence of evidence for such accumulation is the more remark¬ 
able in view of the rather high rate of increase in dry weight found by 
Sachs ( 28 ) in Rheum , by Muller ( 21 ) in the related Rumex , and by 
Brown ( 10 ) in Polygonum when the leaves were exposed to bright illumi¬ 
nation. 

The acid-hydrolyzable substances of the roots were low when first ex* 
amined on April 21, at which time the largest leaves had petioles 2-4 inches 
in length and had only partially unfolded their blades. The content was 
slightly lower a month later. On July 6 it had increased to 545 per cent, 
and on October 17 to 659 per cent, of the amount found on May 19. The 
concurrent changes in sugar content of the roots are within rather narrow 
limits, and the variations in total solids agree closely in direction and 
amount with the changes in hydrolyzable substances. 

In contrast with the low concentration of sugars in petiole and leaf and 
the absence of a concentration gradient in sugars from leaf blade to petiole, 
the acid content of the leaf mesophyll is always markedly below that of the 
petiole. Also, the acidity of both leaf blade and petiole increases to a maxi¬ 
mum as the leaf attains full size and declines markedly as the leaf becomes 
senescent. In both blade and petiole the acid content at all stages of growth 
equals or exceeds the sugar content, and in the petioles is often two or three 
times as great. The acid content of the root system fluctuates considerably, 
being lowest in April, increasing 100 per cent, in the next month, and then 
declining to a nearly constant level from July through October. At all 
times the acidity of the roots is below that of the leaves and half or less 
than half that of the petioles. Since Nelson ( 22 ) found 1.77 per cent, 
malic, 0.41 per cent, citric, and 0.12 per cent, oxalic acid in the petioles, the 
results of the acidity determinations are reported as malic acid. 

In the present work, only such oxalates as are soluble in both 80 per 
cent, alcohol and in water are included in the determinations of titratable 
acidity, as the titrations were made upon aliquots of the alcoholic extract 
after evaporating the alcohol and taking up in water. This method includes 
free acids and such soluble oxalates as those of potassium, sodium, and 
magnesium, but does not include calcium oxalate. According to Anger- 
hausen (1, 2), the oxalates of the leaf blade of rhubarb are largely water- 
soluble ; those of the petiole practically wholly calcium oxalate. The data 
of table III indicate that total titratable acidity is at all times much higher 
in the petioles than in the leaf parenchyma, but give no indication as to 
the nature of the acid or acid salts present. No determinations of the total 
oxalate content of leaf blades, petioles, or roots were made. 
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The fact that the acid content of the young petiole and leaf is already 
rather high at a time when the leaves have barely emerged above ground 
and the blades have only partially expanded raises some interesting ques¬ 
tions as to the role played by acids in the economy of the plant. Caldwell 
(11) found that the period of most rapid growth in young fruits was also 
a period of rapid increase in both actual and titratable acidity, both of 
which culminated in maximum values about the time that the curve of 
growth passed into the self-retarding phase. His results indicate that in 
fruits, maximum acid production accompanies rapid cell division and in¬ 
crease in size, and a similar situation appears to exist in the young leaf. 

Since the acid content of the mesophyll tissue is consistently lower than 
that of the petiole, the question arises whether acids are formed in the 
mesophyll directly from the products of photosynthesis and transferred 
into the petioles, or whether they are formed in the petioles as well as in 
the leaf tissue. Steinmann (32) found that the titratable acidity of the 
mesophyll tissues of rhubarb increased slightly (10-15 per cent.) from apex 
to base of the leaf, while the increase in the veins from the smaller veinlets 
to the basal portion of the midrib was about 60 per cent., and a further 
slight increase was found in the petiole. These results Steinmann con¬ 
siders as evidence that acids are formed in the leaf and transported to the 
roots through the petioles in the same manner as carbohydrates. The in¬ 
crease in acidity occurring in the leaf during a day’s exposure to sunlight 
and the progressive decrease occurring in leaves kept in darkness in his 
experiments support his conclusion. His most conclusive proofs that acids 
are formed in the leaf and transported through the stem are derived from 
a series of experiments in which the petiole was cut half way through at 
the base of the leaf, thus severing the vessels of one-half the blade. After 
exposure to a day’s sun, the acidity of the intact half of the leaf was al¬ 
ways lower than that of the half with severed vessels; further, a reduction 
in acidity during darkness occurred in the intact half while no change 
occurred in the severed half. The transport of acids is consequently a con¬ 
stant process, in light as in darkness. Steinmann also points out the pos¬ 
sibility that organic acids may be not products of disintegration processes 
but intermediate products of constructive assimilatory processes. Ruh- 
land and Wetzel (27), on the other hand, consider that the progressive 
accumulation of acids and of ammonia and nitrate nitrogen in the plant 
with increasing age is the result of deamination of proteins. 

Angerhausen (1, 2) states that the oxalic acid content of the leaf blades 
is approximately double that of the petioles, and that the oxalates of the 
leaf are predominantly potassium oxalate while calcium oxalate is pre¬ 
dominant in the petiole, Ruhland and Wetzel state that the youngest 
petioles contain only succinic and malic acid with scarcely a trace of oxalic, 
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and that later in their development there is a sharp decrease in the former 
concurrently with rapid increase in oxalic acid. The work of Vickery and 
Pucher (36), and that of Smirnow, Erygin, Drboglow, and Maschkow- 
zen (31), indicates that the situation in tobacco is the reverse of that in 
rhubarb, as oxalic acid is present in the young tobacco plant but decreases 
as development of the plant proceeds. 

Berthelot and Andr£ (5) determined the oxalic acid content in roots, 
stems, petioles, and leaves of Bumex acetosa in young, actively growing 
and old, fruiting plants (June 26 and September 27). In the young plant 
the oxalic acid content of the leaf blades exceeded that of the petioles and 
larger veins in the ratio of 12 to 10; in the old plants the acid content of 
leaf blades was lower than that of petioles and stems, the ratio being 4 
to 5. The acid of the leaf blades was predominantly in soluble form in 
both young and old plants; that of the petioles was predominantly soluble 
in young plants and chiefly insoluble in old ones. The acid of the roots 
was wholly in insoluble form. The relative amounts present in old petioles 
and leaf blades were 60 and 35 per cent, respectively of those in the young 
parts. The situation in Bumex consequently differs from that found in 
rhubarb in that the acidity of young leaf blades is greater and that of old 
leaf blades less than that of petioles, while the petioles of rhubarb are al¬ 
ways much more acid. 

At the close of their resume of the literature on the origin of organic 
acids in leaf tissues, Vickery and Pucher (36) remark that the synthesis 
and transformation of the organic acids in higher plants are even more 
obscure than is the case in the molds and yeasts. It may also be said that 
in no part of the field is the obscurity greater than in that relating to the 
role of oxalic acid in green plants. No generalizations seem possible, since 
practically every fact established by the study of one plant is definitely 
contradicted by the findings in regard to another plant, as instanced in the 
preceding paragraph. In the case of rhubarb, it seems to be clearly es¬ 
tablished by the work of Steinmann (32) that there is a continuous pro¬ 
duction of acid, assumed by him to be oxalic acid, in the leaf blade when 
the leaves are exposed to light; and that translocation of the acid through 
the veins into the petiole occurs both in light and darkness, so that there is 
a concentration gradient rising from a minimum at the leaf tip through the 
veins and midrib to a maximum in the middle of the petiole. That soluble 
oxalates are transformed into insoluble form in the petiole is evidenced by 
Angerhausen’s results. Data here presented show that the maximum 
concentration of titratable acids found in leaf and petiole throughout life 
is found in the period of full photosynthetic efficiency, with lower con¬ 
centrations in juvenile and senescent stages. These facts correlate the rate 
of production of acids with the general level of photosynthetic activity. 
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They leave the questions as to the mode of origin and r61e of oxalic acid in 
the plant unexplained. Whether it is a product of deamination of amino 
acids, as suggested by Ruhland and Wetzel, or an intermediate product 
of photosynthesis playing a r61e in the metabolism of the plant analogous 
to that of simple sugars in other plants, as suggested by Steinmann, or a 
waste product resulting from the operation of an insufficient respiratory 
mechanism which cannot carry the decomposition further, as the older 
literature implies, can be determined only by further research. 

The course of the changes in nitrogenous constituents in the leaf is 
rather uniform in the several series. Total nitrogen and amino nitrogen 
are maximum in the youngest leaves and decrease rather steadily until the 
leaf is full-grown, after which amino nitrogen becomes fairly constant 
while total nitrogen undergoes further decrease until the leaf is senescent. 
There is rather close parallelism between the curves for the decrease in 
total solids and those for decrease in total nitrogen in the several series 
of leaf samples (figs. 1 and 4), which suggests that the reduction in amount 
of total nitrogen on the basis of reduction in percentage of fresh weight is 
due largely to dilution of the solids with water. In the initial samples of 
the several series, total nitrogen forms 5.8 to 6 per cent, of the total solids 
of the leaves; in the final samples it forms 3.15 to 4.5 per cent, of the solids. 
There is consequently no such large reduction in total nitrogen as Swart 
(33) and Tucker and Tollens (34) found to occur in the leaves of 
Platanus and a number of other trees and perennial shrubs. In the case 
of Platanus, this reduction amounted to more than three-fourths of the total. 
The persistence of a relatively high content of total nitrogen in the old 
leaves does not disprove but certainly lends no support to the theory of 
Ruhland and Wetzel (27), who attribute the formation of oxalic acid to 
the deamination of protein. Moreover, if the results for amino nitrogen 
are to be relied upon, its uniformly low concentration in petiole and leaf at 
all times would appear to militate against the possibility that deamination 
can be occurring at a rate sufficient to account for the large amount of 
oxalic acid and its salts present in the tissues. 

A unique feature of the metabolism of the plant brought out by the 
present study is its remarkable capacity for absorbing and storing nitrates 
in amounts very far in excess of any subsequent needs. The work of 
Woo (39), Campbell (12), and Nightingale (23) has made it evident that 
a wide variety of annuals and biennials, in their earlier stages of develop¬ 
ment, have high nitrate-absorbing capacity and store considerable amounts 
of nitrates in the aerial parts. Apparently high nitrate absorption is a 
function definitely limited to the early vegetative stages, since the plant 
becomes nitrate-free later in the season as flowers and seeds develop, and 
remains nitrate-free so long as it continues to live. In this respect, as in 
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some others, the rhubarb plant presents a very different situation. The 
young and rapidly growing petioles and leaves are low in nitrate content, 
its utilization in the construction of protein apparently keeping pace with 
absorption and transport from the roots. But with the completion of 
growth of the leaf there is rapid increase in nitrate content of both leaf 
blade and petiole, but more especially in the latter, which continues with¬ 
out material slackening in rate until the leaf blades are yellowing and 
dying. Series of leaves developed early and late in the season, hence both 
before and after the usual period of development of the flower stalks, 
behave alike in this respect. Such differences in amount of nitrates stored 
as occur in the earlier and later series appear to be attributable to seasonal 
reduction in the soil nitrate supply and in available water rather than to 
any alteration in the capacity of the plant for absorbing and storing 
nitrates. That the nitrates so accumulated are never used in the petioles 
or translocated elsewhere is conclusively shown by the fact that the petioles 
of senescent leaves have maximum amounts, the total present in one case 
when calculated as molecular nitrogen reaching 1.53 per cent, of the dry 
weight of the plant. Furthermore, the course of the changes in nitrate 
content of the root system, which increases from April to May and then 
remains constant throughout the season, shows no relation to the changes 
in the petioles and leaves. The nitrates of the root are not depleted by 
the accumulations of nitrate in the petioles of the successive series of 
leaves, nor is there any indication that they are increased by translocation 
of nitrates out of the petioles as the leaves complete their life history and 
die. Lastly, there is obviously no appreciable utilization of the accumulated 
nitrates in the formation of amino acids or protein in the mature or aging 
petiole, since its content of total nitrogen decreases progressively from the 
unfolding of the blade to old age. There was in no ease any development 
of flower stalks, so that we are without knowledge as tp vrhat would occur 
to the nitrates of the petioles in the course of development of flowers and 
seed. 

Summary 

1. The biochemical changes occurring in the roots, petioles, and leaf 
blades of the rhubarb plant in the course of the season’s growth were fol¬ 
lowed by the collection and analysis of four series of samples, each consist¬ 
ing of subsamples of petioles and leaf blades of varying ages from 5 days 
onward to senescence, at intervals during the season. The first series con¬ 
sisted of the first leaves developed by the plants in spring, which were 
collected at intervals from April 21 to June 15; the later series was obtained 
from leaves developing in sequence and were taken on June 5, July 6, and 
October 17. Samples of the, roots were taken on the same dates. 
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2. The seasonal march of climatological conditions during the period 
of development and collection of the samples exerted an appreciable in¬ 
fluence upon the rate of development of the different series, the petioles 
and leaf blades of the later series attaining full size in a much shorter time 
than did those of series I and II. The chief environmental factor to which 
the more rapid development of the later series is probably attributable is 
higher mean temperature. 

3. The general composition of the several series shows some differences 
which appear to be attributable to another environmental factor, namely, 
rainfall. Series I and II developed in a period of ample rainfall very 
equably distributed over the whole period of growth; series III developed 
in a period of considerably reduced rainfall; series IV developed in a period 
of well established drought, the total rainfall for 30 days preceding 
sampling being 0.55 inch. The reduction in precipitational w T ater supply is 
reflected in the lower water content of both petioles and leaves at all stages 
of growth in series III, developed in a period in which transpiration w r as 
maximum. The effect of drought during development is also apparent in 
the leaves of series IV, which retained until senescence set in the high solids 
content characteristic of developing leaves. 

4. Total solids content was maximum in the leaf blade at the time the 
blades were emerging from the soil and still partially folded, decreased 
rapidly during growth of the leaf, and became mostly stationary after 
growth ceased. In the petioles there was a decrease in total solids during 
rapid elongation, followed by an increase which brought the solids content 
of the old petioles somewhat above that of the young ones. 

5. The alcohol-insoluble solids of the leaf blade decreased progressively 
throughout the life of the blade; those of the petiole were fairly constant 
until growth was completed, then increased somewhat in the old petiole. 
Alcohol-soluble solids of the leaf blade decreased rather steadily through¬ 
out life; those of the petiole decreased during rapid growth, then rose as 
growth was completed. 

6. Leaf mesophyll and petiole were practically starch-free at all ages. 
The sugar content of both was always low, that of the leaf blade being 
usually highest before the blade had unfolded, decreasing somewhat during 
growth and fluctuating within narrow limits in the full-grown leaf. Sugar 
content of the petiole was generally minimum during rapid growth, rising 
slightly in the old petiole. The fluctuations in sugar concentration in 
petioles and blades are independent and there was no evidence of the ex¬ 
istence of a concentration gradient such as would be expected if large 
amounts of sugar were transported from the leaf through the petiole. 

7. The acid-hydrolyzable polysaccharides of the leaf in two series in¬ 
creased slightly up to attainment of full size; in the other series there was 
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a slow decrease from youngest to oldest leaves. The acid-hydrolyzable 
material of the petiole remained stationary or increased within very narrow 
limits. In both parts its concentration, like that of sugars, was always 
low. 

8. The titratable acidity of the leaf mesophyll and petiole increased 
during rapid growth, then declined somewhat in the older stages. The 
acidity of the petioles was at all ages 150 to 250 per cent, that of the leaf 
blade. In some cases titratable acids, calculated as malic, made up 18 to 
25 per cent, of the dry weight of the petiole. 

9. The total nitrogen content of leaf blades and petioles declined 
gradually from youngest to oldest samples in every series. The reduction 
was relatively much less than that reported for the leaves of woody per¬ 
ennials and trees. 

10. Nitrate nitrogen was present in extremely small amounts in the 
young leaves and increased considerably after growth was completed and 
the leaves became old. The youngest petioles had seven to eight times as 
much nitrates as the corresponding leaf blades and increased steadily to 
a maximum in the senescent petioles, which might have a nitrate nitrogen 
content equivalent to 1.53 per cent, of the dry weight. There was no in¬ 
dication that this nitrate is used or translocated elsewhere. 
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United States Department or Agriculture, 

Washington, D. C. 

LITERATURE CITED 

1. Angerhausen, J. Oxalsaiire in Rhabarber und die Entgiftung von 

Rhabarberzubereitungen. Zeitsch. Nahrungs- und Genussmittel. 

39: 81-87. 1920. 

2. -. t)ber Saft aus Rhabarberstielen. Zeitsch. Nahrungs- 

und Genussmittel. 39: 122-130. 1920. 

3. Becker, J. Handbucli des gesampten Gemiisebaues. 1065 pp. illus. 

Berlin. 1924. 

4. Benedict, Harris M. Senile changes in leaves of Vitis vulpina L. and 

certain other plants. Cornell Univ. Agr. Exp. Sta. Memoir 7: 

273-370. 1915. 

5. Berthelot, A., and Andr t, G. Sur la formation de l’acide dans la 

vegetation. Etude de Bmnex acetosa (oseille). Compt. Rend. 

Acad. Sci. Paris 102: 995-1001. 1886. 

6. Berthelot, A. Chemie v6getale et agricole. Tome 2. 441 p. 1899. 

7. Bois, D. Encyclopedic biologique. Les plantes alimentaires chez tous la 

peuple et k travers les ages. Vol. 2, pp. 592. illus. 1927. 



478 


PLANT PHYSIOLOGY 


8. Boutin, A. Sur la presence d’une proportion considerable de nitre 

daas'l’Amaranthus blitum. Compt. Rend. Acad. Sci. Paris 76 : 
413-417. 1873. 

9. -. Sur la presence d’une proportion considerable de nitre 

dans deux varietes d’Amaranthus. Compt. Rend. Acad. Sci. Paris 
78 : 261-262. 1874. 

10. Brown, Horace T., and Escombe, P. Researches on some of the 

physiological processes of green leaves with special reference to the 
interchange of energy between the leaf and its surroundings. Proc. 
Roy. Soc. London B. 76: 29-111. 1905. 

11. Caldwell, Joseph S. Hydrion concentration changes in relation to 

growth and ripening in fruits. In press. 

12. Campbell, E. G. Nitrogen content of weeds. Bot. Gaz. 78: 103-115. 

1924. 

13. Chandler, William Henry. Fruit growing. 777 pp. illus. Boston. 

1925. 

14. Culpepper, C. W., and Moon, H. H. The composition of rhubarb in 

relation to its cooking and canning. Jour. Agr. Res. 1932. 

15. Du Sablon, LeClerc. Recherclies physiologiques sur les matieres de 

reserves des arbres. Revue Gen. Bot. 16 : 341-368 ; 386-401. 
1904. 

16. Gardner, Victor R., Bradford, Frederick Charles, and Hooker, 

Henry Daggett. The fundamentals of fruit production. 686 pp. 
illus. New York. 1922. 

17. Hedrick, U. P. (Editor). Sturtevant’s notes on edible plants. Report 

New York Agr. Exp. Sta. Part II. 686 pp. Albany. 1919. 

18. Heuberger, Karl. Untersuchungen iiber den Chinenischen Rhabarber. 

Inaug. Diss. Univ. Bern. 62 pp. 1902. 

19. Jones, Henry Albert, and Rosa, Joseph Tooker. Truck crop 

plants. 538 pp. illus. New York. 1928. 

20. Macoun, W. T. Report of the Horticulturist for 1923. Dominion of 

Canada Dept. Agr., Ottawa. 1924. 

21. Muller, Arno. Cited without title or place of publication by Jost, 

Ludwig. Plant physiology, trans. by R. J. Harvey Gibson. Sup¬ 
plement to English edition, p. 30. 1904. 

22. Nelson, E. K. The acids of fruits. Amer. Med. n. s. 23: 812-815. 

1928. 

23. Nightingale, G. T. Chemical composition of plants in relation to 

photoperiodic changes. Wisconsin Agr. Exp. Sta. Res. Bull. 74. 
1927. 



CULPEPPER AND CALDWELL: COMPOSITION OF RHUBARB 


479 


24. Otto, R., and Kooper, W. D. Beitrag zur Abnahme bezw. Riick- 

wandernng der Stickstoffverbindungen ans den Blattern wahrend 
der Nacht sowie zur herbstlichen Riickwanderung von Stickstoff¬ 
verbindungen aus den Blattern. Landw. Jahrb. 39: 167-172. 
1910. 

25. -■, -. Untersuchungen iiber Stickstoffassimi- 

lation in den Laubblattern. Landw. Jahrb. 39: 999-1004. 1910. 

26. Pammel, L. H., and Dox, A. W. The protein contents and micro¬ 

chemical tests of some Iowa weeds. Proc. Iowa Acad. Sci. 22 : 
527-532. 1917. 

27. Ruhland, W., and Wetzel, K. Zur Physiologie der organischen 

Saiiren in griinen Pflanzen. Rheum hybridum Hort. Plants 3: 
765-769. 1927. 

28. Sachs, Julius von. Ein Beitrag zur Kenntniss der Emahrungsthatig- 

keit der Blatter. Arbeit. Bot. Inst, Wurzburg 3. 1884. 

29. Sampson, Homer C. Chemical changes accompanying abscission in 

Coleus blumei. Bot. Gaz. 66: 32-53. 1918. 

30. Schertz, F. M. A chemical and physiological study of mottling of 

leaves. Bot. Gaz. 71: 81-130. 1921. 

31. Smirnow, A. I., Erygin, P. S., Drboglow, M. A., and Maschkowzen, 

M. Th. tlber die biocliemischen Eigentiimlichkeiten des Alterns 
der Laubblatter. Plants 6: 687-766. 1828. 

32. Steinmann, Alfred B. Studien iiber die Aziditat des Zellsaftes beim 

Rhabarber. Zeits. Bot. 9: 1-59. 1917. 

33. Swart, Nicholas. Die Stoffwanderung in ablebenden Blattern. 118 

pp. Jena. 1914. 

34. Tucker, G. M., and Tollens, B. Ober dem Gehalt der Platenenblatter 

an Nahrstoffe und die Wanderung diese Nahrstoffe beim Wachsen 
und Absterben der Blatter. Jour. Landw. 48 : 39-63. 1900. 

35. Tutin, Frank, and Clew t er, H. W. B. The constituents of rhubarb. 

Jour. Chem. Soc. Trans. 99: 946-967. 1911. 

36. Vickery, Hubert Bradford, and Pucher, George W. Chemical in¬ 

vestigations of the tobacco plant. I. A preliminary study of the 
nonvolatile organic acids of tobacco leaves. Connecticut Agr. Exp. 
Sta. Bull. 323. pp. 155-202. 1931. 

37. Webster, James E. Effects of storage upon alcoholic extracts of plant 

tissues. Amino acid changes. Plant Physiol. 4 : 141-144. 1929. 

38. Wehmer, C. Zur Frage nach der Entleerung absterbender Organe, 

inbesondere der Laubblatter. Landw. Jahrb. 21 : 513—569. 1892. 

39. Woo, M. L. Chemical constituents of Amaranthus retroflexus . Bot. 

Gaz. 68 : 313-344. 1919. 




MECHANISM OF THE ACTION OF LIGHT AND OTHER FACTORS 
ON STOMATAL MOVEMENT 

Geobge W. Scabth 
Introduction 

The factors which have been reported to influence stomatal movement 
are: (1) light ; (2) turgidity of the leaf; (3) temperature ; (4) physiolog¬ 
ical shock; and (5), under artificial conditions, certain chemical agents. 
On the efficacy of light and water supply there is general agreement, but 
the conditions of their respective dominance are not well understood and 
the mechanism of their action is still the subject of diverse theories. As re¬ 
gards temperature and shock, investigators differ on the question of whether 
these factors have any important effect at all on the stomata of plants in 
general. 

With the possibility of all these agents interacting and interfering with 
one another in the experiments, it seemed desirable to make a broad survey 
of the action of all of them on the species worked with before prosecuting 
more intensive study of any one. The results of this preliminary survey are 
given in the present paper, as well as some more detailed work on the action 
of light. Further investigation pn the effect of temperature is reported in 
a paper which will follow. Although these experiments have been chiefly 
confined to one species, Zebrina pendula (Tradescantia zebrina ), occasional 
observation of other species has yielded no evidence that the physiology of 
Zebrina is in any fundamental way unique, although, of course, plants dif¬ 
fer in their relative sensitivity to the respective factors. Since the object of 
the research was not to obtain quantitative data regarding the responses of 
the stomata of a particular species to environmental conditions but to in¬ 
vestigate the mechanism of that response, which, like other deep-seated 
cellular processes, is probably little subject to specific differences, it seemed 
unnecessary to particularize in the title of this paper as to the species 
studied. 

The changes in the stomatal apparatus which were principally followed 
may be enumerated at this stage, and some of their known relations pointed 
out. 

The function of a stoma as a ventilatory organ is determined by the 
linear dimensions of its aperture. The width of the slit , therefore, was 
taken as the basic character with which the other variables were to be corre¬ 
lated. This *was generally measured in situ , but sometimes after fixation in 
alcohol, after the method of Lloyd (16). The width of the opening de¬ 
pends upon the shape of the guard cells, which changes with their own vol- 
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ume and that of the adjoining cells. The diameter of the whole stoma was 
accordingly measured in some cases, as a further index of these morpholog¬ 
ical changes. The immediate dynamic causes of alterations in the shape 
and size of the guard cells are changes in certain turgor pressures: first and 
foremost is that of the guard cells themselves (because, as several workers 
have shown, this changes to a much greater degree than the following) : 
secondly, is that of the subsidiary cells and, in diminishing degree, of more 
remote cells. As to the role of the neighboring cells, the shape of the guard 
cells is modified considerably by the mechanical pressure of the flanking 
cells but, on account of longitudinal ridges in their own walls, little if any 
by those cells which abut on their ends. We may say, therefore, with 
Ursprtjng and Blum, that it is the difference between the turgor pressure 
of the guard cells and of these subsidiary cells which determines the sto- 
matal aperture. At equilibrium these turgor pressures vary as the osmotic 
pressure or “osmotic value” of the respective cells. It was enough for the 
purpose of this study to take the osmotic value at incipient plasmolysis as a 
standard of comparison. This was done frequently for guard cells and 
sometimes for the subsidiary cells also, using CaCl 2 or cane sugar solutions. 
When equilibrium does not exist, that is, when the suction pressure of the 
guard cells and subsidiary cells respectively is not equal, their turgor pres¬ 
sures are determined in part also by the external forces which bring about 
this inequality. Owing to their position and the cuticularization of their 
free walls, the guard cells seem both to gain and to lose water by way of the 
subsidiary cells. At any rate, a hypertonic solution applied to a section 
withdraws water from and reduces turgor in the subsidiary cells more 
rapidly than in the guard cells, causing temporary opening of stomata. 
The same has been reported frequently as the initial effect of wilting. Sim¬ 
ilarly water, whether applied to a section or injected into a leaf, tends at 
first to promote closure. For this and other reasons, in all the experiments 
except those specifically directed to test the effect of wilting, the leaves have 
been kept turgid. 

Effects of reduced turgor will be further described in the section devoted 
to that topic. ♦ 

Going a step farther back to the physico-chemical mechanisms of the 
osmotic changes, it is well known that in the guard cells reversible transfor¬ 
mation of carbohydrate from sugar to starch and back again is of major 
importance, at least in the diurnal cycle; but nothing is definitely known 
as to whether addition and removal of carbohydrate may also play a part. 
If and when this happens, we should expect to find that the osmotic value 
and the amount of starch do not vary reciprocally. Changes in the starch 
content of the guard cells were therefore estimated in most of the work. 
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This was done by comparing the size of the starch grains after decolorizing 
with alcohol and staining with iodine in KI. 

In a former paper (22), some evidence was presented of turgor being 
determined to some extent by other and more rapid processes, including, it 
was suggested, changes in the hydration capacity of colloidal material in 
the cell sap. This aspect of the problem was not pursued in the present 
study because, in the course of any major movement, such change, if it is a 
fact, is always accompanied or followed by the more easily observed hy¬ 
drolysis or synthesis of starch, and my principal object was the investiga¬ 
tion of the more fundamental processes through which both the osmotic and 
colloidal changes are linked with the external factors that govern them. 

In the same paper (22) it was stated that guard cells stain differently 
with certain indicators, according as the stomata are open (in light) or 
closed (in darkness). The results point to an increase of pH in light. On 
account of the many difficulties and sources of error attending this kind of 
work, these experiments were repeated and extended. In addition, similar 
tests were applied in relation to the action of other factors than light. The 
technique of these indicator tests will be described in the section on the 
effects of light. 

The various factors are considered separately, in the following order: 
(I) shock and wound stimulus; (2) temperature; (3) turgidity of the 
leaves; (4) light; (5) chemical agents which affect the pH of the guard 
cells. 

I. Effects of shock and wound stimulus 

Before we can satisfactorily study the action of environmental factors 
on stomatal movement, it is necessary to take stock of any possible effect of 
the mere manipulation of the material in the process of experimentation. 
Mechanical stimulation of the plant or leaves by shaking, rubbing, exposing 
to blasts of air, etc., which was found by Knight (10) to induce partial and 
temporary closure in certain plants, seems to have no effect on Zebrina pen - 
dula or (so far as observed) on any other species employed in the present 
work. Sudden pronounced changes of temperature produced slight tem¬ 
porary movements, as will be described later, which may fall into the cate¬ 
gory of “shock” effects. More important movements are produced by 
actual injury of a portion of the leaf. If, for example, by touching with a 
hot glass rod, by applying a drop of strong acid, or by cutting with a razor, 
some of the cells are killed, stomata in the immediate vicinity of these cells 
tend to close. No effect is noticeable more than a millimeter or so away 
from the actual wound; but since sectioning is so commonly used to expose 
cells for observation and treatment, it is very important to discover what 
changes in their properties are produced by the operation, and to distin- 
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guish between the effect of the stimulus transmitted from the wounded eells 
and the change of physical environment to which cells in the neighborhood 
of a cut are subjected. 

Experimental results. —Sections from the lower surface of a leaf of 
Zebrina, and also whole leaves of which the uncuticularized cell walls of 
portions of the lower epidermis were exposed by shaving off the overlying 
tissue, were placed in various environments and the behavior of stomata 
thus * * exposed ’ 9 was compared with that of normally “covered” stomata. 
The experiment was usually begun with open stomata and the preparations 
were kept in the light, so that the “covered” stomata remained practically 
unchanged or, if the experiment was prolonged overnight, they underwent 
normal changes in illumination. When the preparation is immersed in 
water, the “exposed” stomata close rapidly in spite of continued illumina¬ 
tion. Visible closure begins within a few minutes and may be complete in 
some of the stomata within 15 minutes—a much shorter period than is re¬ 
quired for ordinary closure induced by darkness or wilting. This applies 
to stomata with intact subsidiary cells. If the latter are destroyed by the 
cutting, so that their pressure on the guard cells is removed, the stomata 
immediately widen and do not close later; but the same internal changes 
take place in these guard cells as in those of intact stomata. As regards the 
latter, the rate and degree of closure decrease with their distance from the 
cut surface, and movement is not appreciable beyond the thickness of a few 
cells. 

In water freed of C0 2 but otherwise aerated, the early behavior is ex¬ 
actly the same as in tap water. The closure, therefore, is not due to the 
slight increase in the C0 2 concentration of the environment. 

In moist air or in oil (nujol) the exposed stomata still close, but less 
rapidly, and, on the whole, to a less degree. Evidently the presence of free 
water, temporarily at least, promotes closure. This effect of water is also 
seen when uncut leaves are infiltrated with water. Stomata over water- 
filled stomatal chambers do not, as a rule, open quite so widely as over air- 
filled chambers. No doubt the subsidiary cells and other parts of the epi¬ 
dermis are usually unsaturated and become more turgid in presence of 
water; while, relatively, the guard cells either take up water more slowly or 
in less degree. 

The fact that even in oil or air the stomata near a cut surface quickly 
close, however, indicates that changes in tissue tension are not the sole or 
main cause of the movement. This is proved more directly by a study of 
the osmotic properties of the guard cells. The osmotic value at incipient 
plasmolysis was observed to fall markedly as closure proceeds. In one case, 
for example, the guard cells of “covered” stomata were plasmqlyzed in 
M 4* 3 but not in Mr4 CaCl 2 , whereas in the same preparation “exposed” 
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guard cells half an hour after cutting were mostly hypotonic to Mt 6 
CaCl 2 . Little increase in starch can be observed while the osmotic value is 
falling, at least for half an hour or so. It is possible, of course, that the 
sugar which is abundant in open stomata is converted into some osmotically 
inactive carbohydrate other than starch, but the speed with which the os¬ 
motic pressure is reduced and the persistence of low pressure long after the 
actual physiological shock effect should have worn off point rather to a tem¬ 
porary increase of permeability and loss of solute from the guard cells than 
to a reversible condensation of carbohydrate within them. On the day after 
cutting, the “exposed” guard cells still fail to open in light and their os¬ 
motic value remains low. Sometimes also their starch content is now high, 
compared with that of “covered” guard cells in the same preparation. 
This starch increase was not observed in water free of C0 2 and may be the 
result of pH difference, as explained later. 

From these experiments it is obvious that we cannot arrive at a knowl¬ 
edge of the behavior of stomata under normal conditions from a study sim¬ 
ply of those near a cut surface. Fortunately, however, the reagents usually 
penetrate beyond the range of the more serious effects of the injury and 
they can also be introduced into whole leaves without having resource to 
cutting. These precautions are particularly necessary in staining with indi¬ 
cators. As regards the solutions (CaCl 2 and cane sugar) used in estimating 
osmotic value, it would seem that, if applied immediately after cutting, they 
counteract in large measure the injury effect, presumably inhibiting the in¬ 
crease of permeability; otherwise there would not be, such high osmotic 
values in the guard cells of open stomata. These high values are evidently 
not due to penetration of the reagents, because there is no subsequent de- 
plasmolysis in either CaCl 2 or cane sugar. On the other hand, there is a 
general fall in the osmotic value of guard cells initially open, when these 
remain for hours in the solutions mentioned; but this is accompanied by in¬ 
crease of starch and is probably due to condensation rather than to exos¬ 
mosis of sugars. 

No pronounced change in the osmotic value of the epidermal cells was 
observed to result from sectioning. It would seem, therefore, that the fall 
in turgor as a response to injury of neighboring tissue is more or less spe¬ 
cific to guard cells and particularly to those of open stomata. 

In a paper published several years ago, Abends 1 has recorded the rapid 
closing of stomata of Zebrina in the vicinity of a wound. In one important 
point, however, my observations fail to agree with Abends' and repetition 
of the experiment does not alter my opinion. Abends says that starch is 
rapidly formed in the guard cells as the stomata close, reaching its maxi- 

1 Abends, J. Ueber den Einfluss ehemischer Agenzien auf Starkegehalt and osmoti- 
sehen Wert der Spaltoffnungschliesszellen. Plant a 1: 84-115. 1925. 
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mum in 20 minutes, after which time no further condensation can be ob¬ 
served. I find, on the other hand, that if starch is absent to begin with, 
then whether in light or darkness, no more than mere traces can be 
detected after 20 minutes, even in the guard cells of stomata which have 
closed completely; moreover the starch gradually increases in amount for 
several hours after wounding. When the wound response was first ob¬ 
served, I was particularly watchful for starch production, because the 
hypothesis was entertained that closure might be caused by “acid of in¬ 
jury” developing in the guard cells or neighbouring cells, the production 
of which in guard cells near a wound is suggested by the reaction wdth 
indicators, as described later. But whereas the rate of starch condensation 
after wounding is of the same order as in intact leaves with open stomata 
when subjected to acetic acid vapor, the closing movement is much more 
rapid than when produced by acid, darkness, or wilting; and complete 
closure is attained with much less (if any) starch formation than under 
these other conditions. 

The possibility of temporary accumulation of some other osmotically 
inactive carbohydrate than starch has already been mentioned, as well as 
my reasons for thinking that this is not sufficient explanation of the 
anomaly, and that escape of solute is at least a part of the mechanism pf the 
drop in turgor. 

It may be added that closure of stomata near a wound has been ob¬ 
served in many species of plants besides Zebrina. 

II. Effects of temperature: preliminary experiments 

Many investigators have found that stomata tend to open with increase 
of temperature; many others that they do not; and others again that the 
behavior is variable. In a few preliminary experiments with detached 
leaves of Zebrina kept in water, the writer found that high temperatures 
(38° to 40° C.) not only accentuate stomatal opening in light but tend to 
cause it or prevent closure, as the case may be, in darkness; while low tem¬ 
peratures (0° to 8° C.) prevent opening in light. Moreover, when some of 
the guard cells in such leaves are stained with methyl or ethyl red, as de¬ 
scribed in the next section, the quality of the color varies in such a way as 
to indicate that the pH of the cell sap increases with rise of temperature. 

These experiments showed the necessity of temperature control in test¬ 
ing the effects of other factors. Accordingly, in the experiments which fol¬ 
low on the action of light, this control was practised whenever the light was 
sufficiently intense to make it necessary. 

More systematic study of the effects of temperature on the properties of 
the guard cells was carried on with the help of a colleague and will be re¬ 
ported in a paper which will follow. This later work confirms the pH 
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change and shows that it is accompanied by the same transformation of 
carbohydrate as in the response to light. 

III. Effects of leaf turgor 

The relation of stomatal opening to the amount of water in the leaf is a 
very complex one. Whether turgidity be above or below normal, the result 
varies with the duration of the abnormal state. It also varies considerably 
with the species of plant and the age and position of the leaves, while, of 
course, it is modified by the other external factors which regulate opening 
(Burgerstein 1). 

As regards the time factor, three phases have been distinguished in the 
process of wilting. (1) There is considerable evidence of an opening move¬ 
ment in the early stages, in certain plants at least—although this has been 
observed directly in only a few cases, e.g., by Stalfelt ( 23 ) and Sayre 
( 20 ). The initial increase of transpiration observed by Darwin ( 2 ) ; and 
even the rise in porometer readings of Laidlaw and Knight ( 14 ) may con¬ 
ceivably be due to non-stomatal regulation, as argued by Lloyd, who was 
unable to observe any initial opening of stomata during wilting. Appar¬ 
ently plants differ in this respect. (2) More pronounced wilting results in 
closure in the majority of plants. According to various workers, however, 
a considerable percentage show open stomata. Burgerstein, who investi¬ 
gated a great number of species in this regard, found that 16 per cent, of 
the herbaceous plants and 10 per cent, of the woody plants examined 
showed wide open stomata in the wilted state; while 40 per cent, herbaceous 
and 23 per cent, woody plants showed only partial closure. Such data, 
however, ought to be considered in relation to light and temperature as well 
as to water supply. The reduction of transpiration which automatically 
accompanies wilting may result in a rise in temperature of the leaves, if 
they are exposed to direct insolation. (3) In an extremely dry and, as 
Burgerstein believes, posthumous state of the leaves, stomata which were 
previously closed may open. 

The early opening is probably a direct effect of the reduction in the 
amount of vrater in and pressure of the neighboring cells; the secondary 
closure is certainly an indirect effect which consists, as shown by Iljin (6) 
and Steinberger ( 25 ), in a reduction of the osmotic pressure of the guard 
cells through transformation of sugar to starch, just as in darkness; the 
final opening, when it occurs, may again be a direct action, namely, the re¬ 
sult of tissue shrinkage. 

Usually high turgidity, like low, brings a chain of changes rather than a 
single response. Infiltration of the leaves of Zelrina with water tends to 
reduce the stomatal aperture slightly. This is a direct and almost imme¬ 
diate effect, but a high state of turgor also has a less immediate indirect 
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effect. It favors starch hydrolysis in the guard cells and stomatal opening 
in light, as has frequently been observed, and also induces it in darkness, as 
the writer's next paper will show. 

A few personal observations may be added to the preceding statement 
of the effects of wilting. In the first place, it is very noticeable that sto¬ 
mata and even guard cells respond individually and not en masse . Some 
stomata may become completely shut before others adjacent to them are 
scarcely contracted, and the inner edge of one guard cell of a pair may be 
straight while the other is still half bent. In the second place, the guard 
cells of wilted leaves exposed to the light stain with methyl and ethyl red 
like those of leaves kept in the dark and not like those of turgid leaves in 
the light; that is to say, they stain pink with a dye solution which appears 
practically colorless in illuminated turgid leaves. This result was obtained 
when sections from the respective leaves were placed for a short time in the 
stains, but a similar result was obtained when leaves infiltrated with and 
partially dehydrated by a sugar solution containing dye were compared 
with leaves infiltrated with an aqueous dye solution after both had been ex¬ 
posed for some time to light. This staining distinction points to a difference 
in pH of the cell sap in turgid and wilted leaves in the light. In later ex¬ 
periments, to be reported in the next paper, a similar distinction was noted 
in the case of leaves kept in the dark. The principal point to be noted is 
that the major movements of stomata in response to changes of leaf turgor 
are accompanied (1) by starch-sugar transformation in the guard cells (as 
is already known) and (2) by staining differences which indicate a change 
of pH. 

What significance these observations may have on the mechanism by 
which the water relations of the leaf regulate the osmotic value of the guard 
cells can be discussed more conveniently in the light of experiments which 
follow. 

IV. Effects of light 

A picture of the series of events which takes place in the guard cells 
under the influence of light was adumbrated in the work of Darwin (2) 
and Rosing (19), and more clearly delineated by Lloyd (16), Iljin (6), 
Hagen (5), and others. They are chiefly disappearance of starch and in¬ 
crease of sugar from which ensues the osmotic intake of water that causes 
opening. Other light effects, first noted by Weber, are increased resistance 
to heat, decreased adhesion of the protoplast to the wall, cessation of plasma 
streaming, a more scattered distribution of the chloroplasts, and changes in 
the form and visibility of the nucleus and nucleolus. These changes are 
probably incidental and not directly concerned with the opening mecha¬ 
nism, but any theory of that mechanism should account for them also. 
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Kisselew ( 9 ) and Nikolic ( 18 ) argue that the speed with which stomata 
sometimes change their posture, especially in the direction of closure, points 
to a change of permeability rather than osmotic pressure. My results, al¬ 
ready described, on the effect of treatments which may be regarded as 
causing * 4 shock ,’ 9 agree with this; but the ordinary photic response (or by 
far the greater part of it at least) is gradual and proceeds pari passu with 
change in the osmotic value of the guard cells not to be accounted for in 
terms of permeability. 

Perhaps this statement may require modification if the progress of move¬ 
ment is minutely analyzed. Fluctuations in the earlier stages of opening 
have been recorded by Nikolic ( 18 ) and Stalfelt ( 23 ). On the basis of re¬ 
lation to the light stimulus, Stalfelt distinguishes the * ‘stretching phase’’ 
of opening up to the first appearance of an aperture and the “motor phase” 
from there onward. The progress of the second depends quantitatively on 
the amount of light received, i.e., on the intensity x time (beyond a certain 
minimum intensity), while that of the first stage does not so depend. It is 
also fluctuating, but so (according to Stalfelt) is the movement in dark¬ 
ness in leaves and shoots which have been removed from the plant. In view 
of the rather complex adjustments of suction tension and turgor between 
the guard cells and subsidiary cells, which follow any change in the relative 
rate of gain and loss of water by the leaves, the apparent periodicity of this 
response does not necessarily imply that it fails to fit into any of the cate¬ 
gories which we are considering. At all events, the present study deals with 
only the major trends of movement and with the links between these and 
the environmental changes to which they are due. 

Another effect of light on the guard cells, which was previously reported 
by the writer and for which the evidence is now fully presented in this 
paper, is a modification of their staining with certain indicators, pointing 
to an increase in the vacuolar pH. That this change may be essential to the 
mechanism rather than merely incidental was suggested by the similarity of 
the results produced through -artificially varying the acidity of the guard 
cells to those produced normally by changes in illumination. In an earlier 
paper (22) it was shown that when epidermal sections of a leaf are kept for 
some time in a dilute solution of ammonia, even in the dark, starch disap¬ 
pears from the guard cells and the stomata tend to open, while dilute acetic 
acid, even in the light, produces the opposite effect. Moreover, the sub¬ 
sidiary changes just mentioned were in large measure duplicated under this 
treatment. On the basis of these results, the writer went so far as to put 
forward the working hypothesis that the ordinary effects of light and dark¬ 
ness respectively act through the intermedium of a pH change, as deter¬ 
mined probably by the relative rate of assimilation and production of C0 2 
—and possibly other acid products of respiration. To test this hypothesis, 
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further experiments have been carried out on the relation of stomatal be¬ 
havior to light and to hydrogen-ion changes. 

The principal points of the various experiments will be clearer if they 
are grouped according to the problem toward the solution of which they 
were designed to contribute. 

(1) Are the changes in staining property of the guard cells which are 
induced by changes in illumination really indicative of a shift in the pH of 
their cell sapt Under strictly controlled conditions, in which the leaves and 
indicator solutions and all environmental factors, except light, are invari¬ 
able, the guard cells of Zebrina pendula (and other plants tested), if they 
stain at all with methyl red, ethyl red, or propyl red, always show differ¬ 
ences of staining in relation to whether the leaves have been exposed to 
light or darkness. Sometimes this difference amounts only to a more rapid 
absorption of dye in leaves taken from the dark and deeper staining in a 
given time or to uncertain differences in tint; but often the color distinction 
is qualitative and clear cut, guard cells from the dark appearing pink and 
from the light colorless. The latter immediately become equally pink when 
treated with acetic acid, which proves that in lighted guard cells the indi¬ 
cator is present but on the alkaline side of the point of virage. 

This color difference in the staining of the guard cells can be observed in 
sections which are quickly stained and examined after being taken from 
the variously treated leaves. They can also be seen in thick sections which 
are first stained and then exposed to light or dark respectively. They are 
more pronounced in leaves which have been partly infiltrated with dye solu¬ 
tion, either before or after the treatment as regards light. The distinction 
is not dependent upon whether the stomata are closed or open because, for 
example, on exposure of leaves to light the indicator reaction begins to 
change before the stomata open or when only a slight slit is showing. 

Having observed these differences hundreds of times, the writer is con¬ 
vinced that they are not accidental, although the result may easily be upset 
by a difference in the type of leaf or in the reaction of the indicator solu¬ 
tions, as already pointed out. The simplest explanation of transformation 
of the indicator from red to yellow or yellow to red is a change in H-ion 
concentration of the cell sap. Even if the property of binding the stain in 
its red state is imparted by the production of a negatively charged colloid, 
such a colloid is likely to be an acidoid, i.e ., one which dissociates H-ions 
into the liquid phase. 

(2) What appears to be the range of the pH of the guard cells and other 
tissues as affected by light and darkness respectively t Whole plants or de¬ 
tached leaves placed in water were kept in the dark for several hours and 
respectively exposed to the light until their stomata were well open. The 
leaves were then infiltrated with various indicators, and after 10 minutes 
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or so they were washed and the under surface and sections from it observed 
under the microscope* The color of the indicator in the intercellular spaces 
underlying the stomata was noted in the intact leaf and the color in the 
guard cells observed either in the intact leaf or in sections. Guard cells and 
intercellular spaces vary together. The most acid reaction observed in the 
guard cells was red with methyl red, but yellow with benzene red ( i.e., ap¬ 
parently between pH 4.8 and 5.0). The most alkaline reaction was purple 
with brom cresol purple (the only acidic indicator that could be detected in 
the guard cells), but red with neutral red (i.e., apparently between* pH 6.0 
and 7.0). 

There is possibility of considerable error in the turning point of neutral 
red, which is very strongly absorbed by the cells and does not change to 
yellow very readily when weak ammonia is applied. The fact, however, 
that the flavone pigment naturally present in guard cells, as well as in the 
other epidermal cells, does not become yellow in the light indicates that the 
pH does not extend at any rate beyond pH 7.4, up to which point the 
flavone is colorless. (The turning point of the flavone was determined by 
extracting the mixture of anthocyanin and flavone pigments which are 
present in the epidermis of Zebrina and finding the pH points at which the 
mixed solution underwent color changes. The solution is reddish-purple 
(as in the leaf) at pH 7.0, changes to bluish at about pH 7.2 and to green 
at about pH 7.4 to 7.5. The green is due to the addition of the yellow of 
the flavone to the blue of the anthocyanin, so that up to about 7.4 the 
flavone evidently remains colorless.) 

Unfortunately the writer has no basic nor amphoteric indicator with 
range between pH 6.0 and 7.0 to discover more readily the most alkaline 
limit of the reaction attained by the guard cells of Zebrina and Tradescan - 
tia. However, in Pelargonium leaves exposed to sunlight, neutral red in the 
guard cells sometimes has a brick red or orange hue. differing from its pink 
shade in the other cells and indicative of an almost neutral pH. 

As regards the pH range of the liquid in the infiltrated leaf spaces, the 
most acid reaction—observed once or tw r ice in Zebrina —w r as greenish with 
brom cresol green (turning blue with ammonia) and reddish with methyl 
red; i.e., around pH 4.0. The most alkaline reaction was .blue with brom 
thymol blue; i.e., over pH 6.6. Brom cresol purple has a useful range 
(pH 5.8 to 6.2) for qualitative demonstration of pH change in the leaf 
spaces. The color of this indicator in the stomatal chambers can be 
changed to and fro from purple to yellow, according as the infiltrated leaves 
(lying in a water bath) are kept in light or darkness. (The yellow, as with 
all these dyes, is practically invisible as observed under these conditions.) 

What partial pressure of C0 2 is necessary to change the particular dye 
solution used to the most acid reaction observed in the intercellular spaces, 
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a pH of 4.2 or less, was not determined. With distilled water, 20 per cent. 
CO* would be sufficient to give a pH of about 4.0, but in the solution the 
buffer action of the dye would require a higher concentration of C0 2 to 
produce the same effect. Twenty per cent. C0 2 has been measured in 
potatoes. In potato sap 20 per cent. C0 2 produces a pH of only about 
6.0; but guard cells, in view of their natural fluctuations of pH, are prob¬ 
ably much less buffered than potato cells. 

As regards the cells of the leaf other than the guard cells, no definite 
results were obtained as to their pH or changes therein. The indications 
are that it is fairly constant. Acidic indicators, in particular brom cresol 
purple, were allowed to accumulate in the leaf cells of Anthericum by 
setting cut leaves in a solution of dye, but no appreciable difference in 
coloration was noted according as the leaves were kept in light or darkness. 

To summarize, the effect of light vs. darkness on the indicator reactions 
in the leaves is as follows: (a) In the intercellular spaces, i.e ., in a con¬ 
centrated solution of the indicators in equilibrium with the internal atmos¬ 
phere of the leaf, there is an apparent range from over pH 6.6 in light to 
about pH 4.0 in darkness, (b) In the leaf cells in general there is no great 
change so far as could be determined from this incomplete study, (c) In 
the guard cells there is a wide change from between pH 6.0 and 7.4 in light 
to less than pH 5.0 in the dark. 

These results demonstrate a correlation between the concentration of 
C0 2 in the leaf spaces, the pH of the guard cells, and the osmotic changes 
within them. So far as I have gone at present, however, they do not prove 
a causal relation between these phenomena. The photosynthetic action of 
light and its stimulation of the guard cells may be entirely independent. 
The relation between these two actions is the next subject of inquiry. 

(6) What relation does the effect of light on stomata bear to its 
photosynthetic activityt Two lines of investigation were followed: (a) the 
effect of light with respect to its wave-length and its absorption by 
chlorophyll; and (b) the effect of light on stomata separated from the green 
tissue of the leaf. 

a. Effect of light with respect to wave-length: Kohl (11) found that 
of the visible* spectrum only the region between the B and C lines, that is 
the red, and between F and the violet, that is the blue, were effective. 
Lloyd (16) found the blue to be less effective than the red. Kohl showed 
that infra-red radiation also causes opening, but, as later experiments will 
show, this may be a temperature effect. 

In the experiments which follow, regarding the action of light of differ¬ 
ent wave-lengths on the pH as well as the posture of the guard cells, 
temperature has been kept constant. Dishes containing detached leaves 
were set in running water and with a water screen between them and the 
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source of light—a 150-watt Mazda lamp placed about 6 inches above the 
preparation. The dishes, each containing two leaves, were covered respec¬ 
tively by the following filters: a ground glass screen, an opaque screen, 
and two Wratten and Wainwrigkt filters, allowing only red, green, and 
blue light to pass. The leaves, taken from plants which had been kept in 
the dark overnight or longer, were slit in numerous places and centrifuged 
for about two minutes in saturated ethyl red; about 10 minutes later, by 
which time guard cells near the slits were stained pink, the leaves, still 
lying in dye solution, were exposed as described to various types of 
illumination. 

After an hour or more the stomata always opened somewhat (slightly to 
half open) under both white and red screens, and the stain in the guard 
cells faded greatly or sometimes disappeared; i.e., became yellow. In dark¬ 
ness the stomata remained shut and the stain intensified. Under the green 
and blue screens the result was sometimes indistinguishable from that of 
complete darkness, although at other times there was slight opening and 
reduction of stain. To obtain pure blue light, two Wratten and Wain¬ 
wright screens had to be employed and the intensity of the light trans¬ 
mitted as very small. There was more evidence of activity with the Corn¬ 
ing blue glass screen no. 10. The intensity as well as the quality of the 
transmitted light would have to be regulated in order that the relative 
efficiency of the spectral regions might be determined, but this analytical 
mode of investigation was not pursued very far because it seemed possible 
to arrive at the information required more simply and directly by using 
chlorophyll itself as the color screen. It also seemed better to use rooted 
plants than detached leaves, since fuller and more regular opening of the 
stomata takes place in the former. 

Potted plants well supplied with water were placed in earthenware 
crocks and covered by dishes containing liquids with different light¬ 
absorbing qualities: (1) India ink; (2) chlorophyll in alcoholic solution; 
(3) chlorophyll with Cu substituted for Mg; (4) solutions of red dyes, 
such as basic fuchsin and safi*aniu, which transmit the red band absorbed 
by chlorophyll. The chlorophyll was changed every half-hour or hour, 
or at longer intervals (depending on light intensity) before any sign of 
decomposition or colloidal precipitation appeared. The preparations were 
simultaneously exposed either to diffuse daylight or in some cases to direct 
sunlight. It was found that a clear transparent chlorophyll solution may 
completely inhibit the light activity under conditions of illumination in 
which an India ink solution two or three times as opaque to the eye and 
basic fuchsin or safranin of equal opacity allow full and normally rapid 
opening. (Stomata of Zebrim open well in very weak daylight.) 
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Although the only measure of intensity used was brightness to the eye, 
the difference between the effect of chlorophyll and other solutions is so 
great that there can be no doubt that it is the quality, not the intensity, of 
the light transmitted through chlorophyll that is effective in producing 
opening of stomata. In other words, only the wave-lengths most strongly 
absorbed by chlorophyll are appreciably active in causing opening of 
stomata in the green leaf. 

b. Effect of light on stomata separate from chlorenchyma: To avoid the 
wound response, these experiments were performed on variegated leaves, 
chiefly of Pelargonium, Abutilon, Pandanus veitchii, and a species of grass. 
The object was to determine whether the guard cells or the chlorenchyma 
or both absorb the light which causes opening. 

Kummler (12), using these and other variegated species, found only 
minimal opening in white parts with medium humidity and normal light 
and temperature, although in air saturated with moisture he found that 
light might induce maximal opening in some of the stomata of white areas. 
Velsen (26), using the porometer method, found much less opening in 
parts of Ficus leaves which lacked green tissue. 

In all these plants there is some pigment in the plastids of the guard 
cells. In Abutilon it is distinctly green; in Pandanus a very pale green; 
and in white-edged Pelargonium, according to my observation, very pale 
yellow or greenish yellow and hard to perceive. Kummler describes the 
guard cells of this form as ‘ * chlorophyll free,” but there seems to be some 
pigment present. Whether the pigmentation is distinct or indistinct, it is 
in each case equal in the green and white leaves or parts of a leaf. There 
seemed to be no correlation between pigmentation of the guard cells and 
reactivity to light. 

With white or red light, the predominating influence of green 
mesophyll is conspicuous. In turgid leaves on the plant and leaves lying 
in water when exposed to light which causes the stomata of green parts 
to become wide open, little effect may be produced on the white parts. The 
stomata remain closed or open slightly, except that near the boundary of 
the green, the stomata on the white areas open well and the influence 
spreads, as exposure to light continues . Reduced amount of chlorophyll is 
accompanied by reduced opening, as was already noted by Kummler. In 
the pale, but not white, central portion of a banded Geranium leaf the 
stomata were found to be half open when in the green margin they were 
fully open with circular shape. 

Light which has been filtered by a chlorophyll solution has as previously 
indicated, no more effect on the stomata of white leaves than of green. As 
the chlorophyll plus xanthophyll absorbs the shorter wave-lengths, and as 
this end of the spectrum is most chemically and physiologically active, the 
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effect of blue-violet light was studied with aid of a Screen. Light from a 
150 watt lamp at 6 inches 1 distance, after passing through a water screen 
and through a Corning glass filter no. 10 (which allows only blue ahd violet 
to pass), has scarcely any effect on stomata either in the pale or white por¬ 
tions of the leaves. Sunlight similarly filtered had a slight effect on both, 
although how much of this was due to rise of temperature is uncertain. At 
any rate the effect is small, compared with that of red light on green tissue. 

A possibility which has to be considered is that light may stimulate the 
guard cells directly but does so in full measure only when by its action on 
the chlorenchyma it has produced a favorable environment. The fact that 
red light alone produces opening just as well as white points to a pure 
photosynthetic action rather than to a combination of this and protoplasmic 
stimulation. Also Stalfelt’s finding that response varies as light intensity 
x time of exposure suggests that light supplies the energy and not merely 
the stimulus. The inference is that in so far as light acts directly on the 
guard cells, it is through the activity of their chlorophyll. At any rate, it 
is clear from these experiments that stomata separated from assimilating 
tissue are only slightly affected by the action of visible light of any wave¬ 
length. 

The fact that some influence may spread from the green tissue for a 
certain distance into a white area is in harmony with my theory that 
reduction of C0 2 concentration in the tissue is a fundamental part of the 
mechanism of light action; but it does not amount to proof of this 
mechanism because the result may be due to diffusion of some other sub¬ 
stance or the transmission of a physiological stimulus, as in the wounding 
effect. 

The feasibility of the former view is supported more directly by experi¬ 
ments on the effect of varying the concentration of C0 2 and the pH of 
the guard cells in other ways, with or without exposing the leaves to light. 

V. Effects of chemical agents (including C0 2 ) which change 
the pH of the guard cells 

Preliminary to a study of the role of C0 2 , inquiry was made as to 
whether the pH change in the guard cells induced by light is merely 
accidental or is a part of the mechanism of opening. The answer to this 
question will depend largely upon whether an artificial variation of pH 
(especially within the range which is induced by light changes) can pro¬ 
duce the full effect of light on the guard cells. 

The waiter’s earlier experiments on this subject have already been 
referred to. In ammonia solutions and in darkness, starch disappears 
from the guard cells at a rate which increases with the concentration of 
alkali up to the limits of toxicity. In the higher concentrations the rate of 
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disappearance is considerably faster than in light. In acid up to a certain 
concentration, starch is formed in these cells even in the light; but within a 
narrow range of acidity beyond this and short of a concentration that is 
rapidly toxic, starch disappears. Prolonged exposure, even to this con¬ 
centration of acid, results in death of the cells. Accompanying these starch 
variations reciprocal changes in osmotic value take place with corresponding 
movements of the guard cells. Under the conditions described, although 
the starch content may vary from zero to the maximum, the range of 
movement is small compared with what is found under ordinary conditions 
in intact leaves. At first sight, therefore, it might seem that the response 
to these chemical agents is not comparable with the response to light. On 
the other hand, in sections the wound stimulus and the effect of the aqueous 
medium tend to prevent opening. In fact, the stomata near a cut surface 
open to a less extent under the action of light than of ammonia. 

Further experiments were therefore carried out, using cut shoots and 
rooted plants and exposing them to ammonia and acetic acid in vapor 
form. Sayre (20) has already reported that the stomata of Rumex 
patientia open to 50 per cent, of their maximum in ammonia vapor in 
darkness and close in an acid atmosphere in light. 

In the present experiments the plants were kept in a moist atmosphere 
under a bell jar, so that the leaves were turgid. The pressure of the 
reagents in the atmosphere of the bell jar was not measured, but in the case 
of ammonia, at least, the leaf pigments serve as natural indicators of the 
concentration of OH-ions in the cells. This is much more significant, be¬ 
cause the concentrations of the ammonia or acid vapor outside and inside 
a leaf do not necessarily vary together. Ammonia strong enough to cause 
quick color change in leaves with open stomata may have no effect, even 
after many hours’ exposure, on leaves with stomata completely shut. 

It was found that under the conditions now described the stomata of 
Zebrina may open almost as widely in ammonia in the dark as under the 
action of light. As to the intracellular pH at which this occurs, in most 
experiments the stomata opened only when the purple epidermal cells had 
changed to green and the guard and subsidiary cells to yellow; that is, at 
a pH of about 7.4. This condition is usually attended by the formation 
of a precipitate in the sap of the subsidiary cells, but there is no fall in 
their osmotic value at this stage (if anything, a slight rise), so that the 
wide opening is not due to reduction of the pressure of these cells, as 
might be the case when the ammonia is toxic. 

There is evidence, however, that stomata open below pH 7.4. In one 
case the stomata were found to be wide open with starch reduced almost to 
nil when the flavone pigment had not become yellow and the anthocyanin 
had merely changed to a bluish purple shade. Moreover if, as usually 
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happens when the stomata are initially shut, the color change starts from 
local points of entry of the ammonia and extends as green patches with a 
blue margin, the stomata in this blue transitional zone, in which there is no 
yellowing of the guard cells or any other cells, begin to open somewhat 
rapidly, although the accumulation of ammonia produces further color 
change before the opening is complete. 

It is inferred from these results that if the ammonia concentration 
could be controlled, full opening would take place when the pH of the guard 
cells is just short of the point at which the flavone becomes yellow, about 
pH 7.4. 

The indicator tests reported earlier show that in light the pH of the 
guard cells may rise at any rate to between pH 6 and pH 7, but do not 
warrant stating whether it passes pH 7 or not. 

The conclusion reached is that light causes the guard cells to approach 
and, in absence of contrary evidence, possibly to reach a pH which in 
absence of light will induce almost as wide opening as takes place in 
presence of light. The inference that light acts through changing the pH 
is rendered more probable by the fact that, as already reported, numerous 
intracellular changes in the guard cells are the same in natural and 
artificial opening. Some of these may be accounted for by the change in 
shape and pressure of the vacuole(s); others by changes in the physical 
properties (surface tension, viscosity, etc.) of the protoplasm determined by 
H-ion concentration. 

Action of acetic acid vapor. —It was found that the action of acid 
vapor, if not too concentrated, inhibits opening. Opening was sometimes 
observed in higher concentration but this was not studied, since the relation 
to carbonic acid seemed to call for more particular attention. 

Action of carbon dioxide. —When the w r ork of Darwin (2), Lloyd 
(16), and Linsbauer (IB) made it clear that light acts equally well in 
absence of C0 2 (one of the raw materials of photosynthesis), and that, ac¬ 
cording to Linsbauer, absence of C0 2 is even favorable to opening, in¬ 
cluding such as may take place in the dark, the old view that the turgor of 
the guard cells increased through accumulation of the direct products of 
photosynthesis had to be abandoned. These facts, however, did not upset 
the general conclusion to which we have been approaching: that photo¬ 
synthesis is the active factor in stomatal opening, for even in absence of 
atmospheric C0 2 the photosynthetic process is still carried on in as far as 
C0 2 is liberated by respiration. Consequently, Stahl (24) put forward the 
view that light acts through removal of C0 2 and darkness through 
accumulation of the gas as a product of respiration. This conclusion was 
based especially on Linsbauer ’s experiments, in which he found not only 
that a decreased amount of C0 2 favors opening but that an increased 
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amount causes shutting both in light and in darkness. According to Lins- 
bauer, this is true of high partial pressures of C0 2 and of the pure gas; but 
Kosaroff (13) found that the reduction of transpiration in high concen¬ 
trations of C0 2 was the result rather of lack of oxygen than of abundance 
of C0 2 . By mixing oxygen with the C0 2 the depression of transpiration 
was reduced as the oxygen was increased. 

It seems necessary that the relation to C0 2 and oxygen should be 
further investigated, especially in the light of the following experiments. 

Pot plants, cuttings (rooted and unrooted) set in water, and cuttings 
not in water, were exposed to various concentrations of C0 2 in a dark moist 
chamber. In the case of the controls, which were kept under similar 
conditions but in ordinary atmosphere as regards C0 2 , there was a cer¬ 
tain amount of stomatal opening in the pot plants after many hours but 
little or none in the cuttings. 

In C0 2 of 15 per cent, concentration and upward, the stomata began to 
open after a period of many hours (12, 24, etc., depending on the concen¬ 
tration), and ultimately became and remained wide open. If initially 
open, they first closed and then reopened. Moderate wilting, such as oc¬ 
curred in the cuttings which were not in water, did not prevent opening. 

Greater opening than in the controls was observed in 10 per cent. CO«. 
The rate and degree of opening increase with the concentration of C0 2 
until the latter becomes toxic. The occurrence of injury depends greatly 
on the time of exposure, so that no definite limit of concentration can be 
named. Even 15 or 20 per cent, causes injury after two or three days, 
while concentrations over 50 per cent, are endured for several hours. The 
injury, however, is long subsequent to the opening and is not its cause. 
The cause is increased turgor pressure (up to the equivalent of 
M 

— CaCl 2 ) of the guard cells, due to conversion of starch to sugar, pre¬ 
sumably as a consequence of the high acidity. 

The effect of increased concentrations of C0 2 in light is usually to pre¬ 
vent opening. An atmosphere in which the gas is present in sufficient con¬ 
centration to cause opening when in darkness may prevent it in light, no 
doubt because the C0 2 concentration inside the leaf is reduced by photo¬ 
synthesis. 

In some cases the stomata were found wide open in high C0 2 . This 
might be explained by weakness of the light in these experiments, being 
insufficient to reduce the C0 2 concentration in the leaf to the closing level. 

As regards the effect of a reduced concentration of C0 2 in absence of 
light, this is not easy to test, because if the leaf is intact the gas accumulates 
inside it through respiration, while if the guard cells are exposed by cutting 
the wound stimulus inhibits opening. It was found, however, that in guard 
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cells exposed to C0 2 -free water there is much less accumulation of 
starch than in those exposed to ordinary water. There is even some dis¬ 
appearance of starch and slight opening if the stomata are shut at the 
beginning. 

The fact that it takes several hours for shut stomata to open under the 
influence of C0 2 , probably on account of the time required for the gas to 
diffuse into the leaf, and the fact that open stomata close to some extent 
before they finally open, may account for the difference between Lins- 
bauer *s results and those now presented. 

In brief, these preliminary experiments not only confirm the results 
of Linsbauer —that increased concentration of C0 2 in the atmosphere may 
cause closure in light—but also in every case yield the result that beyond a 
certain concentration C0 2 causes permanent opening in darkness. This 
concentration is less than would develop inside the leaf if all the oxygen of 
a normal atmosphere were replaced by C0 2 through respiration. 

These results lend support to a suggestion made in a former paper that 
stomata regulate against excess as well as against deficiency of C0 2 in the 
leaf, and that opening after prolonged absence of light may be due to 
accumulation of the gas. It is not necessary, however, to assume that C0 2 
is the only acid product of respiration in the guard cells or other cells 
which is resynthesized and disappears under the action of light, since it 
has been demonstrated that in succulent plants organic acids accumulate 
by night and disappear by day. In fact, it is theoretically not improbable 
that the semianaerobic condition of a leaf which has been kept in darkness 
for some time will result in incomplete oxidation of carbohydrate and 
production of organic acids. Whether other acids are produced or not, the 
relation between stomatal opening and C0 2 concentration harmonizes well 
with the relation between opening and acidity of the guard cells already 
noted. The pH of closure is such as could be induced by lower concentra¬ 
tions of C0 2 and that of acid opening by higher concentrations, provided 
the cells are weakly buffered. Apparently also, absence of C0 2 without 
the aid of light produces a pH at which hydrolysis will take place. 
Whether, in addition to this, light stimulates opening in some other way 
cannot be said, but at least it can do so only with a sufficiently high pH 
in the guard cells. 

Discussion 

A. Effect of light vs. darkness 

Light effects stomatal movement by means of that portion of its 
spectrum which is absorbed by chlorophyll and principally through its 
action upon the green tissue of the leaf. Any direct action on the guard 
cells is either subsidiary to or conditioned by its action through the medium 
of the chlorenchyma. 
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Light operates through its photosynthetic activity. The relation of its 
action to C0 2 concentration, as determined by Linsbauer and others and 
confirmed in the present work, defines to some extent the means by which 
photosynthesis can and cannot act. In the first place, since light is equally 
or more effective in absence of external C0 2 , its full effect can apparently 
be exerted when photosynthesis is merely sufficient to overbalance the effects 
of respiration; accumulation of its products is not essential. In the second 
place, since a moderate increase of C0 2 causes closure even in light, while 
oxygen is not reduced inside the leaf as it is in darkness but instead is 
being liberated, it follows that photosynthesis and respiration respectively 
must act through regulating the pressure of C0 2 rather than of oxygen. 
This does not exclude the possibility of other modes of action but proves 
that variation of C0 2 concentration is an effective one. 

As regards the relation of stomatal behavior to partial pressure of C0 2 , 
three phases are to be recognized. 

(a) In relatively high concentrations there is hydrolysis of starch with in¬ 
crease of osmotic value in the guard cells and stomatal opening. This 
takes place regularly after several hours’ exposure to the necessary C0 2 
concentration (15 per cent. (?) and over in darkness). The partial opening 
which sometimes occurs in an ordinary atmosphere after a period of dark¬ 
ness may fall into this class; that is, it may be due to an accumulation of 
C0 2 in the leaf. This phase of response to C0 2 concentration does not 
seem to have been recorded previously. The next two are well known. 

(b) In lower concentration of C0 2 the opposite changes take place in the 
guard cells together with stomatal closure. Closure in an ordinary atmos¬ 
phere in darkness and in an atmosphere richer in C0 2 in light both fall 
into this category when composition of the internal atmosphere of the leaf 
is the criterion. 

(c ) In darkness and absence of C0 2 , at least so far as this condition is at¬ 
tained when epidermal preparations are exposed to water deprived of C0 2 , 
there is a greater tendency to reduction of starch in the guard cells and 
opening of the stomata than in similar material exposed to water contain¬ 
ing C0 2 , even at ordinary atmospheric pressure. The opening is only 
meager, however, but two factors (the wound stimulus due to cutting and 
the C0 2 produced within the cells, both of which militate against opening) 
are not present in an intact leaf engaged in active photosynthesis. Under 
the latter condition, therefore, we should expect better opening. Accord¬ 
ing to Linsbaueb, absence of C0 2 assists opening in light. 

While it is clear from the present results that reduction of C0 2 pressure 
through photosynthesis is an essential part of the action of light, the com¬ 
plete adequacy of this condition to produce full stomatal opening in 
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absence of light is difficult to test and has not been proved by these ex¬ 
periments. 

The same three phases of stomatal response as previously noted also 
appear in relation to the H-ion concentration of the guard cells as governed 
by other penetrating acids than C0 2 and by penetrating alkali. Acetic acid 
in relatively high concentration, namely, just short of being rapidly toxic, 
causes opening; in weaker concentration it causes closure and ammonia 
again causes opening. This relation was described in an earlier paper. It 
is now shown that under suitable conditions this regulation of carbohydrate 
balance, turgidity of the guard cells, etc., by artificially changing the pH 
of these cells, is as ample and complete as in normal movement. It is inde¬ 
pendent of and overcomes the action of light or darkness, as well as of 
variations in leaf turgor. 

Vital staining tests with indicators point to the conclusion that light 
and darkness themselves induce wide fluctuations in the pH of the guard 
cells, extending from about pH 5 after a period of darkness to between 
pH 6 and pH 7, or perhaps higher, after a period of good illumination. 
The experiments do not show whether or not it reaches a point (probably 
about pH 7.3) at which hydrolysis of starch and opening of the stomata 
can take place without the aid of light. The possibility remains, therefore, 
that some action on the part of light in addition to changing the pH is in¬ 
volved when complete opening takes place. 

The acid range of pH and therefore the behavior in darkness can be 
accounted for by production of C0 2 alone if the guard cells are not too 
well buffered; although, of course, other acid products of respiration may 
assist in developing a low pH. 

B. Effect of leaf turgor 

When closure is induced by wilting of the leaf, the guard cells exhibit a 
low pH and other characteristics associated with closure in darkness, even 
though the leaves are exposed to bright sunlight. Considerable wilting does 
not prevent opening (accomplished by the usual mechanism) in leaves ex¬ 
posed to amomnia gas or to the higher pressure of C0 2 * This seems to 
prove that within limits, scarcity of available water does not prevent 
hydrolysis of starch in the guard cells, provided their pH is right for the 
process; and that wilting, like darkness, acts by creating an H-ion con¬ 
dition conducive to closure. It may do this by inhibiting photosynthesis. 
The effects of leaf turgor both in light and darkness are dealt with more 
fully in the paper which follows. 

C. Effect of temperature 

Low temperature tends to produce closure, and high temperature open¬ 
ing of stomata, whether in darkness or in light. Here again, to judge by 
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vital staining, the movement is correlated with the same pH change as 
under the influence of the other factors. 

In a fuller study of the temperature relation to be described in a subse¬ 
quent paper, it will be demonstrated that the turgor of the guard cells is 
regulated by the same carbohydrate transformations as in these cases. The 
pH difference due to temperature cannot depend on photosynthesis, be¬ 
cause it occurs in darkness. 

D. Effect of wounding 

Injury to cells, e.g., by cutting, causes stomata in the immediate vicinity 
of the wound to close. In this case the loss of turgor in the guard cells is 
unaccompanied by increase of starch and is probably due to escape of 
solute; that is, to increased “permeability.” 

Summary 

1. All major stomatal movements in the plants studied, whether due 
to change of illumination, of leaf turgor, or of temperature, are accom¬ 
panied by reversible transformation of carbohydrate and also by pH change 
in the guard cells. 

2. The carbohydrate balance depends strictly on the pH. 

3. The origin of the pH change, when governed by the light factor at 
least, depends mainly on the relative rate of photosynthesis and respira¬ 
tion respectively in the leaf tissue in general and demonstrably on the C0 2 
pressure in the environment of the guard cells. 

4. Absence of C0 2 favors, if it does not of itself induce, stomatal 
opening. 

5. A certain concentration of C0 2 causes closure; a higher concentra¬ 
tion, opening. 

6. Any response of the guard cells to the direct action of light is small 
or else conditioned by the environmental state. 

7. An entirely different mechanism, namely, increase of permeability, 
seems to be involved in the stomatal closure which takes place in the 
vicinity of a wound. 

McGill University, 

Montreal, Canada. 
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COMPARISON OF THE EFFECTS OF TEMPERATURE ON THE 
RADIAL AND LONGITUDINAL ELECTRIC POLARITIES 
IN WOOD AND CORTEX OF THE DOUGLAS FIR 

E. J. Lund 
(with five figures) 

Introduction 

In previous papers it has been shown, chiefly by indirect methods, that 
all the present known facts about the distribution of correlation potentials 
in the Douglas fir can be explained by the existence of two oppositely ori¬ 
ented radial E.M.F.s, one of which is located in the wood and the other in 
the cortex. The radial E.M.F. in the wood increases toward the base while 
that in the cortex increases toward the apex. The direct demonstration of 
the separate existence of these two E.M.F.s is not a simple matter, because 
mechanical removal of the cortex always involves change in its inherent 
E.M.F. 

Since it has been shown that the external polarity of the apex can be in¬ 
creased, decreased, inverted, or made equal to zero by an appropriate 
change in temperature, it becomes of importance to know how a tempera¬ 
ture change affects the two different sets of E.M.F.s in the wood and cortex. 
The following experiments which bear upon these questions yield further 
confirmatory evidence for the existence of the two oppositely oriented 
E.M.F.s. They also point to the conclusion that when the temperature of 
the tree is changed, the pattern of the internal correlation potentials is 
changed. This result appears to depend fundamentally upon the general 
fact that equal change in temperature changes the E.M.F. unequally in 
different loci of the axis in polar tissues. An explanation of this unequal 
effect has already been presented (Lund 1 , 2 ). 

Procedure 

Since nothing is known about the effects of temperature on the internal 
electric phenomena associated with polarity, the experiments described in 
the present paper are in a sense exploratory. The plan was to follow nearly 
simultaneously the changes in the magnitude and direction of the following 
E.M.F.s in the same stem segment, with the same change in temperature. 

1. Longitudinal E.M.F of intact stem. 

2. Longitudinal E.M.F of wood axis without cortex. 

3. Radial E.M.F. of intact stem. 

4. Radial E.M.F. of wood axis without cortex. 

5. Diagonal E.M.F. of wood axis without cortex. 
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Fig. 1. The diagram at the top shows the arrangement of the apparatus. The 
cups X and Y are filled with tap water and connect by rubber tubes and glass 
cannula to the center of the w f ood at 0. The E.M.F. between contacts X and B, and 
Y and C is radial. The third internode was used in the experiment. The distances between 
the contacts A and B , B and C, and C and I) were respectively 22, 12,5, and 19 cm. The 
lower sets of graphs are separated from those above to facilitate comparisons. Both sets 
of curves are drawn to the same scale. 
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6. Diagonal E.M.F. of intact stem. 

7. E.M.F.s in dead and living parts of same stem. 

For the sake of comparison, the results from four types of experimental 
procedure will be given. A diagram of the apparatus and contacts used in 
each of these procedures is given at the top of each of the figures 1, 2, 3, and 
5. 

Before the results given by the curves are considered, a comparison 
should be made of the four different experimental arrangements. Note 
that four contacts labeled A, B, C, and D in the figures are made in a simi¬ 
lar manner in each of the four types of experiments. Two of these electrode 
contacts (A and D) were outside the chamber and remained at room tem¬ 
perature throughout the experiments; the other two external contacts were 
placed inside the chamber, and together with the stem segment were sub¬ 
jected to the change in temperature. 

For measurement of the radial and diagonal E.M.F.s two more electrode 
contacts (*Y and I r ) were made at the points indicated by inserting a glass 
tube 2 mm. in diameter to the bottom of a hole drilled exactly to the center 
of the wood axis. The glass tubes were connected by rubber tubes to cups 
on the outside as shown in figures 1, 3, and 5. In this way the electrode 
connection with tap water was made at the center of the wood axis. The 
duration of the experiments varied from four to seven hours, and as usual 
all measurements were made with the potentiometer. The first two experi¬ 
ments, given in figures 1 and 2, were made on the third internode from each 
of the tops of the main stems of two different trees. The second and third 
experiments, given in figures 3 and 4, were similarly made on the second 
internode from each of two different trees. The results of the experiments 
given in the figures are typical of other experiments which will therefore 
not be reported. 

The significance of the results shown in the curves can be appreciated 
only when a careful comparison is made of the properly selected curves in 
the different figures. 

Longitudinal E.M.F.s in wood and cortex 

1. Longitudinal E.M.F. on wood axis is not affected by change in 
temperature. 1 —This fact is shown in part in curve BC of figure 2, which 
should be compared with curve BC in figure 1. Cooling one contact placed 
on the wood axis does not affect the E.M.F. between it and another contact 
placed either on the wood axis or on the cortex of another region kept at 
room temperature. Evidence for this statement is found by comparing 
curve AB of figure 2 with curve AB of figure 1, and is also shown by curve 

i By this statement is meant that within the limits of accuracy in procedure in the 
present experiments the curves do not show any clearly evident effect. 



508 


PLANT PHYSIOLOGY 




Fig* 2. The third internode from the apex of a tree 25 feet high was used. The 
cortex was removed over the length indicated by absence of stippling. Contact A is on 
the outside of the cortex; contacts B, C, and D are on the wood axis. Contacts B and C 
are subjected to change in temperature; contacts A and D remain at room temperature. 
The distances between A and B, B and C, and C and V were respectively 22, 13, and 
8.5 cm. The total length of exposed wood axis is 34.5 cm. 
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Fig. 3. The second internode from the main stem of a tree was used. The cortex 
was removed from the unstippled portion of the internode shown in the diagram. Dis¬ 
tances between electrodes A and B, B and C, and C and D were respectively 14, 13, 
and 17 cm. 
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CD of figure 2. In this latter case both contacts are on the wood axis but 
one is cooled and the other is not cooled. This curve should be compared 
with curve CD of figure 1. 

Again compare curve AB in figure 3 with curve CD in figures 3 and 1. 
The sudden bend in curve AB of figure 3 is unexplainable as an effect of 
temperature, and may have been due to an accidental mechanical displace¬ 
ment of the contact. 



Fig. 4. The curves show the E.M.F.s between the correspondingly labeled electrode 
contacts in the diagram of figure 3. They are shown separately to facilitate comparison 
of the effects of temperature. Note that XB > YC and XA > YD. The form of curve 
YC is of special significance. 

2. Longitudinal E.M.F. between two contacts one of which is on 

WOOD AND THE OTHER ON THE CORTEX IS CHANGED BY EQUAL CHANGE IN TEM¬ 
PERATURE OF CONTACTS AND REGION WHICH THEY INCLUDE. —This fact is 

shown by comparing curve BC of figure 3 with BC of figure 2. A com¬ 
parison should also be made between the magnitudes of the effects of tem¬ 
perature in curve BC of figure 3 and that in curve BC in figure 1. The ap- 
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Fig. 5. The curves shew the difference between the effects on the E.M.F.S caused 
by the same change in temperature in a dead and living section of the stem. The sec¬ 
ond internode of a main stem was used. The basal half of the internode was immersed 
in boiling water during 4 minutes and then cooled to room temperature, while the apical 
half was kept cool by wrapping in a cool wet cloth. The distances between the contacts 
A and B, B and C, and C and D were respectively 15, 14, and 14 cm. The internode 
was allowed to come to room temperature before the experiment was begun. The 
E.M.F.S between the contacts Y and C, Y and I), and C and D are only slightly affected 
by a temperature change which affects markedly the corresponding contacts in the liv¬ 
ing part of the stem. 
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parent conclusion from such experiments is that temperature affects the 
E.M.F. by affecting the cortex. Note that curves CD and AB of figure 1 
and curve CD of figure 3 confirm fully all of the corresponding observa¬ 
tions presented in the previous paper on the effect of temperature on the 
E.M.F. in the apex (Lund 2). 

3. When one contact is placed on the wood and the other on the 

CORTEX, BOTH CONTACTS BEING KEPT AT SAME! TEMPERATURE, THEN WHEN 
THE REGION OF THE JUNCTION BETWEEN EXPOSED WOOD AND NORMAL STEM IS 

changed in temperature, the E.M.F. is changed. —Curve AD in figure 3 
demonstrates this fact. This curve should be compared with curves AD in 
figure 2 and AD in figure 1. It should also be compared with curve AF in 
figure 2 of the writer’s previous paper (Lund 2). The remarkable fact 
should be noted that curve BC, figure 3, changes in an opposite manner to 
AD, figure 3, when the temperature is lowered around the contacts B and 
C and their included segment, but not around the contacts A and D. 

Finally, the effects of temperature as shown in curve AD, figure 3, prove 
conclusively that the E.M.F. measured between contacts A and D does not 
all originate at the contacts, and that all the change in E.M.F. does origi¬ 
nate in the region of the stem which is cooled. This is a simple but convinc¬ 
ing demonstration of the existence of summation of E.M.F.s. 

Effect of temperature on radial potentials in wood and wood-cortex 

SYSTEM 

The radial E.M.F. of the wood and the longitudinal E.M.F.S of the in¬ 
tact stem are similarly affected by a change in temperature. This fact is 
shown for example by the curve XB in figure 3. From this it may be con¬ 
cluded that the absence of an effect on the longitudinal E.M.F. of the wood 
is not due to an absence of effect on the radial E.M.F. 

That a lowering of the temperature decreases the radial E.M.F. of the 
bipolar wood-cortex combination is evident from curve YC, figure 3, and 
curves XB and YC, figure 1. These curves exhibit interesting characteris¬ 
tics of form which are probably due to the rate of cooling and the opposite 
orientation *of electric polarities in the wood-cambium-cortex system. How¬ 
ever, since the present experiments are not intended to show more than some 
of the more important general characteristics of the effects of temperature, 
a fuller analysis of the precise course of the effects of change of temperature 
upon any one type of measurement must be omitted for the present. 

Effect of temperature on diagonal E.M.F.S 

Curves XA and YD in figure 1 show a closely parallel effect. It should 
be observed that these measurements were on the intact stem. Curves XA 
and YD in figure 4 should be compared. Note that the E.M.F. of XA is 
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greater than the E.M.P. of YD, as it should be if the inherent E.M.F. in 
the wood and the cortex are oppositely oriented. Note also that this relation 
in magnitude is not true when curves XA and YD of figure 1 are compared. 
This again fulfils expectations, as mentioned later. 

All experiments show that lowering of temperature lowers the diag¬ 
onal E.M.F.s. 

Inherent E.M.F. in cortex 

The following facts derived from a comparison of the curves show that 
an inherent E.M.F. exists in the cortex. Curve AB, figure 3, and curves 
AB and CD, figure 2, show that the longitudinal potential at and in the 
region of the contact B on the wood is not affected by a change in tempera¬ 
ture. On the other hand, curves CD in figures 1 and 3, and curve AB in 
figure 1 show that changing the temperature on a contact on the cortex and 
its adjacent region changes the E.M.F. between the contacts. Again, curve 
BC of figure 3 shows that change in temperature affects the E.M.F. between 
the contacts B and C f one of which is on the wood and the other on the cor¬ 
tex. But curve BC of figure 2, where both contacts are on the correspond¬ 
ing regions of the wood, shows no such effect. 

Finally, curve AD in figure 3 show's that temperature affects the E.M.F. 
between these tw 7 o contacts even though they themselves are not cooled, 
while curve AD in figure 2 shows no such effect of cooling on its E.M.F. It 
follows from these facts that the cortex in the region C in figure 3 is the 
seat of an inherent E.M.F. whose magnitude is markedly affected by a 
change in temperature. These facts, when taken in conjunction with cer¬ 
tain facts presented in previous papers (2), appear to constitute a definite 
proof that the cortex possesses an inherent E.M.F. 

The second question of special interest is, what is the orientation of the 
E.M.F. in the cortex? 

Curve BC in figure 3 allows that contact B on the wood is electronegative 
in the external circuit to contact C on the cortex. In the same way curve 
AB in figure 2 shows that B is electronegative to A. 2 Now, since the 
E.M.F. at the contact B and its region on the wood is not affected by a 
change in temperature, as shown by curves AB and CD in figure 2, while 
the E.M.F. between contacts B and C in curve BC of figure 3 is changed 
by a change in temperature, then the E.M.F. between B and C in figure 3 
must lie in the cortex as just shown. Since the surface in contact with C 
is electropositive to B, then this must mean that the E.M.F. of the cortex 
is oriented in such a way that the outside of the cortex is electropositive to 
the inside of the cortex in the external circuit. 

2 The curve AB, figure 2, is shown above instead of below the base line in order to 
comply with the convention adopted in labeling polarities &b given earlier in the paper. 
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Furthermore it is shown in figure 4 that the E.M.F.s of XB and XA 
are respectively greater than the E.M.F.s of YC and YD. This relation 
is never observed in the intact stem, such as that in figure 1 where YD > 
XA and YC > XB. These differences can be explained if we assume that 
an E.M.F. exists in the cortex, this E.M.F. having an opposite orienta¬ 
tion to that in the wood. These facts again indicate the same conclusion 
as that arrived at in a previous paper (Lund 4 ) by different methods of 
experimentation. 

The results suggest that the longitudinal E.M.F.s observed when the 
leads are attached to the intact outer surface of the cortex are probably 
mostly derived from the inherent E.M.F. in the cortex. This conclusion 
seems to be strengthened by the demonstrated fact that the external polarity 
in the apical region is much greater than that in the more basal regions, 
in spite of the fact that the thickness of the wood and therefore the radial 
E.M.F. in the wood diminishes to small value in the apex. 

Finally it may be recalled, as shown in a previous paper ( 4 ), that the 
diagonal basal-apical (inside to outside) E.M.F. in the apex is oriented 
oppositely to that in the lower parts of the stem. 

All the diverse facts seem to leave no doubt that the inherent E.M.F. 
in the cortex is oriented oppositely to that in the wood. This conclusion 
agrees of course with the morphological and functional bipolar character 
of the cambium. 

General conclusions 

With the possible exception of the external longitudinal E.M.F.s on the 
isolated wood axis, all the observed E.M.F.s are markedly affected by a 
change in temperature. In all of these eases it appears that when the tem¬ 
perature of both electrode contacts and the whole region of the stem in¬ 
volved in the measurement of the E.M.F. is lowered, the observed E.M.F. 
decreases. In other words, all the observed results appear to be due to the 
simple but apparently fundamental fact that equal change in temperature 
causes an unequal change in the E.M.F.s along the polar axes, whether these 
be longitudinal, radial, or diagonal resultants of the elementary polarity 
potentials of the living cells. This principle reminds us of the similar un¬ 
equal effects on the velocity of oxidation in apical and basal ends of the 
stem of Obelia, produced by equal change in oxygen concentration. 

The present experiments indicate that when the temperature of the tree 
system is changed uniformly throughout, or when one part of it is subjected 
to a change in temperature which is different from the temperature main¬ 
tained in other parts, the relative magnitude and even the directions of flow 
of the electric correlation currents must become changed in a definitely 
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characteristic manner. The possible consequences associated with such a 
change in the pattern of the electric correlation mechanism appear now of 
paramount interest. Experiments will deal with these problems in the 
papers which are to follow. 

Comparison of effect of change in temperature upon t he living and 

DEAD STEM 

Only one experiment is given to show the typical differences in behavior 
of the E.M.F.s in a dead and in a living stem. The results are given in 
figure 5. In this experiment the readings of E.M.F. were made at longer 
time intervals and therefore the curves do not bring out the differences as 
clearly as they otherwise would have done. 

The basal half of the second internode of the main stem of a tree was 
killed in boiling water, cooled to room temperature, and set up in the ap¬ 
paratus as shown in the diagram at the top of figure 5. After allowing the 
preparation to rest for one-half hour, the readings of E.M.F.s were taken as 
shown in the curves. 

The first fact to notice is that E.M.F.s exist in the dead half of the stem 
just as we might expect to find in a telephone pole, chimney, or between two 
sides of many other objects. An intelligent appreciation of the facts, how¬ 
ever, leads to the conclusion that the behavior of the E.M.F.s in the dead 
part of the stem when subjected to change in temperature is radically dif¬ 
ferent from the corresponding ones in the living stem. This fact is shown 
by a comparison of the effects of temperature on the radial potentials, curve 
YC which is dead and curve XB which is living. Similarly, curve XA 
(living) and curve YD (dead) should be compared. Curve CD (dead) is 
to be compared to curve AB (living). The general fact observed in the 
curves is that whenever both contacts lie in and include only dead stem 
between them, the E.M.F. is not affected by temperature, except to a small 
extent as would be expected if they are concentration potentials of various 
types in a non-living system. This is shown by curves YD, CD , and YC 
in figure 5. 

Summary 

1. The longitudinal and radial E.M.F.s in the intact stem below the 
apex of the Douglas fir are both greatly decreased by lowering the tem¬ 
perature and increased by raising it. The radial E.M.F. of the isolated 
wood axis is affected in a similar manner. Dead stems often show E.M.F.s 
but these are not affected by temperature like those in the living stem. 

2. By changing nearly simultaneously the temperature of the wood and 
cortex, it is possible to show that the cortex is the seat of an electric polarity 
oriented in the opposite direction to that in the wood. The radial E.M.F. 
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in the cortex appears to be equally or more sensitive than that in the wood 
to the same change in temperature. 

3. The same change in temperature causes a greater change in the 
E.M.F. of the cortex in apical regions than in the cortex of relatively more 
basal regions. 

4. The phenomenon of “rebound” of the E.M.F. after a period of 
exposure to low temperature is less pronounced in lower regions of the stem 
than in the apex. Additional evidence shows that summation of E.M.F.S 
oecurs. 

5. All of the observed effects of temperature on the various polarities in 
the living tree appear to be due to the simple but apparently fundamental 
fact that equal change in temperature causes an unequal change in the 
E.M.F. along the polar axis under consideration. In all cases the region 
having the highest relatively electropositive condition with respect to the 
external circuit is changed by the greatest amount. 

6. Temperature acts as one of the primary environmental factors which 
can control the magnitude and even the direction of the internal electric 
polarities in the tree system. Change in temperature can and does change 
the pattern of the internal electric correlation currents in the Douglas fir. 

University of Texas, 

Austin, Texas. 
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DETERMINATION OF THE INORGANIC NITROGEN IN THE 
CORN PLANT BY THE EXPRESSED SAP METHOD 

B. W. Gerdel 

Introduction 

In the course of some studies on the chemistry and physiology of the 
corn plant, it was found by Sayre and Morris (1) that the total sugar con¬ 
tent could be determined from the analysis of an aliquot of sap expressed 
from the ground tissue. Since the determination of the inorganic nitrogen 
content of corn plants grown on plots to which nitrogen fertilizer was 
applied in several forms and amounts, and by several methods of applica¬ 
tion, was a part of the problem under investigation, an opportunity was 
afforded for determining the application of the expressed sap method to the 
determination of the total inorganic nitrogen. 

Material and methods 

The sap or juice of the plant was obtained by subjecting 100 gm. of 
fresh material, previously ground through the medium knives of a hand 
meat grinder, to a pressure of 5000 pounds per square inch by means of a 
small laboratory hydraulic press. The green and dry weights of the press 
cake and the specific gravity of the sap were recorded. The percentage of 
total solids in the sap was determined by the refractometer, and the weight 
of sap was calculated by subtracting the green weight of the press cake 
from the weight of the original sample, in this case 100 gm. 

The aspiration method of Sessions and Shive ( 4 ) appeared to be best 
adapted to the determination of the inorganic nitrogen content of the ex¬ 
pressed sap. A slight modification of the apparatus was made, 300-cc. 
Kjeldahl flasks being substituted for the Florence flasks used in the original 
procedure. The rounded bottom of the Kjeldahl flask permitted the aspira¬ 
tion tube to come in closer contact with the Devarda’s alloy, and conse¬ 
quently more of the alloy was held in suspension. The long neck of the 
Kjeldahl flask also provided more room for the expansion of the foam which 
occurred with sap from leaf tissue. This foaming was not entirely sup¬ 
pressed by the use of either paraffin oil or caprylic alcohol. The ammonia 
evolved through aspiration was determined by the boric acid method of 
Scales and Harrison (3). The large absorption tubes as used by Sessions 
and Shive each contained 50 cc. of a 4 per cent, boric acid solution and 0.3 
cc. of brom-phenol-blue indicator. 1 The ammonia w T as titrated directly wfith 

iPreparation of brom-phenol-blue indicator: 0.4 gm. brom-phenol-blue heated with 
12 cc. N/20 NaOH until dissolved and diluted to 500 cc. with distilled water. 
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N/20 sulphuric acid. No loss of ammonia could be detected through the 
use of the 4 per cent, boric acid solution under the slightly reduced pressure 
occurring in this apparatus. Since the concentration of the boric acid 
solution was only approximate, a considerable saving in labor resulted, due 
to the necessity of preparing only one standard reagent. Titration by 
reflected light from a 100-watt daylight bulb produced a very sharp end¬ 
point with brom-phenol-blue indicator. 

The formulas for calculation of results are developed from the basic 
formula used by Sayre and Morris ( 2 ). Using figures obtained in this 


TABLE I 

Method or calculating results 


Weight field 
sample 

Weight press 
CAKE FROM 100 
GM. LAB. SAMPLE 


Sap from stalk tissue 

Leaves 

Stalk i 

Total 

Green 

Dry 

Weight 

Sp. gr. 

Total 

solids 

N IN 10 cc. 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 


per cent. 

gm. 

2135 

2162 

4297 

21.7 

11.7 

78.3 

1.046 

11.85 

0.00196 


study (table I), this basic formula has been adapted to the determination 
of total inorganic nitrogen as follows: 

Per cent. H a O = weight lab. sample - (per cent, total solids x weight sap + dry weight of 

press cake) 

79 per cent. = 100 -( 0.1185 x 78.3 + 11.7 ) 

Total H a O in stalk = per cent. H 2 0 x stalk weight 
1709 gm. = 79 per cent, x 2162 

H s O content of expressed sap aliquot = (vol. of aliquot xsp. gr.) - (vol. of aliquot x per 

cent, total solids) 

9.27 = (10x1.046) -(10x0.1185) 

gm. N in aliquot 

Total inorganic N in stalk = Hj O content of aliquot * total H ’° 

_ 0.00196 

* 0.3615 gm. = — ■■■ x 1709. 

Experimentation 

Amount of reagents required 

In the preliminary stages of this study, considerable variations in the 
nitrate nitrogen content of duplicate samples were found. This excessive 
variation between duplicates was overcome by the use of an additional 2.5 
gm. of Devarda’s alloy and 5 cc. of 6 per cent. NaOH, and by a longer 
aspiration period, as shown in tables II and III. 
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TABLE II 

Amount of reagents required for complete aspiration of nitrate nitrogen in 10 cc. 
corn sap by Sessions and Shive method 



Nitrate nitrogen recovered 

Totals 

AVERAGED 

Sample 


Duplicate l 

Duplicate 2 

1st* run 

2d* run 

Total 

1st* run 

2d* run 

Total 


mg . 

mg . 

mg . 

mg . 

mg . 

mg . 

mg . 

1 

5.93 

1.96 

7.89 

7.28 

1.54 

8.82 

8.355 

2 

6.96 

2.52 

9.48 

7.77 

1.89 

9.66 

9.570 

5 

4.76 

2.52 

7.28 

5.60 

1.96 

7.56 

7.420 

6 

4.48 

2.38 

6.86 

5.60 

1.88 

7.48 

7.170 

8 

6.23 

3.08 

9.31 

8.19 

1.88 

10.07 

9.690 


* 2.5 gm. Devarda *s alloy and 5 cc. of 6% NaOH added and aspirated 14 hours for 
first run; after titration another 2.5 gm. of Devarda’s alloy and 5 cc. of 6% NaOH were 
added and aspirated for another 8 hours. 

Note: each 0.1 cc. of N/20 acid is equivalent to 0.07 mg. NO* nitrogen. 

TABLE III 

Time required for complete aspiration of nitrate nitrogen in 10 cc. corn sap by 

Sessions and Shive method* 


! 

SAMPLE 

Nitrate nitrogen 

Duplicate 1 

Duplicate 2 

Average 

1st 

8 HOURS 

2d 

8 HOURS 

Total 

16 HOURS 


mg . 

mg . 

mg . 

mg . 

mg . 


2.10 

0.63 

2.73 

2.59 



3.92 

1.40 

5.32 

5.53 

5.425 


2.87 

1.12 

3.99 

3.92 

3.955 


2.73 

1.12 

3.85 

4.20 



4.83 

1.89 

6.72 

6.93 

6.825 


2.52 

1.26 

3.78 

3.78 

3.780 


* 5.0 gm. Devarda’s alloy and 10 cc. 6% NaOH added. 

Note: each 0.1 cc. of N/20 acid is equivalent to 0.07 mg. NO, N. 


Apparently, close agreement between duplicate samples may be obtained 
by the use of 5 gm. of 100 mesh Devarda’s alloy and 10 cc. of 6 per cent. 
NaOH, while an aspiration period of approximately 16 hours appears neces¬ 
sary to remove completely all the inorganic nitrogen in the expressed sap 
sample. 
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Recovery op added nitrates 

Since in no case, throughout the 1930 season, was the ammonia form of 
nitrogen found in the corn sap in more than a doubtful trace, studies on 
the accuracy of the combined “expressed sap” (Sessions and Shive 
method) were made on inorganic nitrate salts. The efficiency of the 
method in the recovery of the nitrate nitrogen added as sodium nitrate to 
both sap and distilled water is shown in table IV. 

TABLE IV 

Recovery op nitrate nitrogen prom expressed sap by Sessions and Shive method 


Composition op 

Total NO, N concentration 

Total NO, N recovered 

solution 

Det. 1 

Det. 2 

Averaoe 

Det.* 1 

Det.* 2 

Average 


mg. 

mg. 

mg. 

mg. 

mg. 

mg. 

10 cc. dist. H 2 0 plus 







7.0 gm. N as 
NaNO, . 

7.00 

7.00 

7.000 

6.79 

6.79 

6.79 

10 cc. expressed sap 



l 

4.62 

4.55 

4.59 






Total 

11.38 

10 cc. expressed sap 




i ! 



plus 7.0 mg. N as 
NaNO, 



I, 

i 

10.99 

11.55 

11.27 


* Each determination is the average of duplicates. 


The sum of the averages for the separate determinations of the nitrate 
nitrogen content of an aqueous solution of sodium nitrate and a 10-cc. 
aliquot of sap is in close agreement with the nitrate nitrogen content of a 
10-cc. aliquot of the same sap to which an equivalent amount of nitrogen 
as sodium nitrate was added. 

Accuracy of expressed sap method 

The accuracy of the expressed sap method for the determination of any 
constituent of the corn plant, which is to be expressed as a part of the whole 
plant, is dependent upon the proportional quantity of that constituent which 
will be found in the sap. If the total sap removable from 100 gm. of green 
tissue is separated into successive aliquots as the pressure on the sample is 
increased, and if a like amount of the constituent being studied is found in 
each successive portion of the sap, then it may safely be concluded that the 
moisture not removable from the tissue at a pressure of 5000 pounds per 
square inch contains an amount of this constituent proportional to the non- 
expressable moisture content of the tissue. That such is the case where 
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the nitrate nitrogen content of the corn plant is being studied is shown 
by the data in table Y. 

TABLE V 

Nitrate nitrogen in successive portions or corn sap 


Part or plant 

1 

o 

3 

4 

5 

6 

Aver¬ 

age 

Leaf tissue, six 10-cc. portions 
Stem tissue, live 15-cc. portions 

mg. 
1.155 
2.345 

mg. 

1.225 

2.310 

mg. 

1.155 

2.275 

mg. 

1.045 

2.310 

mg. 

1.085 

2.310 

mg. 

1.085 

1.302 

2.310 


Note: leaf tissue sample of July 37, stem tissue sample of July 31; all results are 
averages of duplicate determinations. 


There is a close agreement between successive portions of sap obtained 
from both leaf and stem tissue at increasing amounts of pressure, indicating 
that the nitrate nitrogen is probably in aqueous solution in the plant and 
the amount obtained in the sap is proportional to any fraction of the total 
moisture expressed. Further evidence in support of this hypothesis is 
shown by the close agreement between the nitrate nitrogen content of the 
alcoholic extract of an aliquot of ground tissue and the calculated nitrate 
nitrogen content determined by the expressed sap method on duplicate 
aliquots of tissue (table VI). 

TABLE VI 

Comparison or expressed sap and alcoholic extraction methods 


Nitrate nitrogen as percentage green weight 


jxit!.inuu 

1 A 

1 D 

14 A 

14 D 

17 A 

17 D 


per cent. 

per cent. 

per cent. 

per cent. 

per cent . 

per cent . 

Expressed sap 

Hot alcoholic extrac¬ 

0.0268 

0.0261 

0.0349 

0.0531 

0.0251 

0.0298 

i 

tion 

0.0266 

0.0259 

0.0350 

0.0517 

0.0252 

| 0.0281 


Preparation of samples 

When samples consisting of a great number of corn plants must be pre¬ 
pared for analysis, care must be taken in the proper selection of an aliquot 
from which the sap is to be expressed. The nitrate nitrogen concentration 
of various portions of the corn plant and the percentage of nitrate nitrogen 
found in each portion in relation to the total in the plant are shown m 
table VII. 

The stalk or stem of the corn plant was found to contain 76 per cent, of 
the total nitrate nitrogen on September 9, while the leaves and sheath con- 
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tained only 3.75 per eent. Not only was the stalk higher in nitrate nitrogen 
content than any other part of the plant, but the lower part of the stalk (in 
this case representing everything from the second node below the ear to the 
ground) contained 57 per cent, of the total nitrate nitrogen found in the 
plant. Since the concentration of nitrate nitrogen on a percentage green 
weight basis exhibits considerable variation in separate parts of the plant, 
the employment of careful technique in the preparation of the sample is 
important 

The procedure in this study was to prepare the leaves and stalks sepa¬ 
rately. Sufficient leaves were ground to provide the 100-gm. sample for the 
hydraulic press. The stalks were split lengthwise into quarters, five or six 
quarters from as many different stalks constituting a sample for grinding. 
After thorough mixing, the 100-gm. samples for the press were weighed 
from this ground material. Although the seasonal variation in the nitrogen 
content of the ear was not studied as a part of this problem, a procedure 
similar to that used for preparing the stalk samples was followed in the 
determination of the data presented in table VII. When studies are to be 

TABLE VII 

Nitrate nitrogen in separate parts or plant; sampled September 


Nitrate nitrogen 



Leap and sheath 


Stalk 



Leaves 

Sheath 

Total 

Upper 

Middle 

Lower 

Total 

NO, N per plant 
portion (mg.) 

3.63 

2.09 

5.72 

3.18 

25.88 

87.00 1 

116.06 

Percentage NO, N 
per plant por¬ 
tion (green 
weight) . 

0.00312 

0.00252 


0.01082 

0.02931 

0.08987 


Percentage total 
NO, N in plant 

2.38 

1.37 

3.75 

2.09 

16.99 

57.10 

76.18 


Bar 

Sum 

Stalk 

Husk 

Shank 

Cob 

Grain 

Total 

total 

Node 

Inte&node 

Total 

7.49 

1.50 

9.27 

12.12 

30.38 

152.16 

6.55 

18.05 

24.60 

0.00676 





.. 

0.03195 



4.92 

0.99 

6.09 

7.97 

19.97 

99.90 

26.61 

73.39 
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made between varieties of corn or on corn receiving different fertility treat¬ 
ments, stalk analysis alone may give sufficient data to indicate any variation 
in the nitrate nitrogen content of the plant. 

When treatments or varieties are replicated several times and samples 
are collected from the replicated material, it appears necessary to collect 
all samples from like replicates on the same day. Samples which were 
collected from replicate plots two days apart showed relatively great differ¬ 
ence in nitrate nitrogen content compared with the total amounts present, 
as shown in table VIII; while the variation between similar treatments 
sampled on the same day was relatively much smaller. 


TABLE VIII 

Method or sampling two ok moke replicates 



Variations in climatic factors may be great within a few days time. 
Considerable rainfall between September 18 and 23 probably accounts for 
the great increases in the nitrate nitrogen content of the later samples from 
all plots. Light rainfall following a long dry season apparently caused the 
increase in the nitrate nitrogen content of the replicates from the 

earlier sample date. The rainfall probably was insufficient to benefit the 
corn for more than a day or two; consequently the “D” replicates sampled 










TABLE IX 

Effect of freezing at — 20° C. and toluene preservation on nitrate nitrogen content of corn bap 
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two days later were lower in nitrate nitrogen content than the “A” repli¬ 
cates which were sampled on September 16. 

Preservation of samples 

The fact that apparatus sufficient to determine the nitrate nitrogen con¬ 
tent of a considerable number of samples at one time is not usually available 
and would be cumbersome to operate makes the preservation of the sap 
samples necessary. That both toluene preservation and freezing of the 
sap at - 20° C. were satisfactory is shown in table IX. Ten-cc. aliquots of 
sap were pipetted into test-tubes and either frozen at once or preserved in 
an iced refrigerator after the addition of a few cubic centimeters of toluene 
to the sample. 

The first six samples (plots 1 to 9, table IX) were preserved for one 
week; the next ten samples (plots 1A to 20A) were preserved for 12 days. 
Although there is little difference in favor of either toluene or freezing 
preservation of the samples, the freezing method under long storage would 
probably be the more satisfactory. Furthermore, the frozen samples are 
more easily handled, since a slight warming of the test-tube causes the 
sample to slip easily into the Kjeldalil flask and very little sap remains to 
be rinsed from the tube. 


Summary 

1. The Sessions and Shive aspiration method has been found to be 
satisfactory for the determination of inorganic nitrogen in plant sap. 
Slight modifications in quantity of reagent and time of aspiration are neces¬ 
sary for the determination of the inorganic nitrogen content of com sap. 

2. The total inorganic nitrogen content of the corn plant can be deter¬ 
mined from an analysis of an aliquot of expressed sap. 

3. Because of the extreme variation in nitrate nitrogen content of the 
separate parts of the corn plant, proper preparation of the sample for 
analysis is important. 

4. Sampling of a series of replicates should be done on the same day to 
avoid variations in the nitrate nitrogen content caused by changes in cli¬ 
matic factors. 

5. Exp ressed sap samples can be preserved for a time by the use of 
toluene or by freezing at — 20° C. The latter method is preferred. 

Ohio Agricultural Experiment Station, 

Wooster, Ohio. 
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RELATION OP HYDROGEN-ION CONCENTRATION OF SOILS TO 
THE GROWTH OF CERTAIN PASTURE PLANTS 

H. P. Cooper 

In the course of a study of the ecological conditions influencing the 
various plant associations found in 546 New York pastures, a large number 
of pH determinations were made with the quinhydrone electrode. The soil 
samples were taken from under a number of common species of plants found 
in these pastures. 

It was observed that there is a more or less definite succession of pasture 
plant associations accompanying the depletion of pasture soil. The types 
of plants dominating at the various soil fertility levels are also greatly in¬ 
fluenced by the climatic conditions as well as by the soil characteristics. 

When the timber is first removed from virgin soil, conditions are favor¬ 
able enough for the growth of Kentucky bluegrass and white clover on 
practically every well drained soil type in the state. There is usually 
sufficient nutrient material in the organic residues of the soil for the 
dominance of crops, like Kentucky bluegrass, which require a high fertility 
level. The duration of a good Kentucky bluegrass sod in pastures is gen¬ 
erally determined by the inherent fertility of the soil. 

In the strongly acid soils the available nutrients which have accumulated 
in their surfaces are soon exhausted and Kentucky bluegrass, which re¬ 
quires a relatively high fertility level, is succeeded by plants tolerant of a 
lower fertility level. The succession of plant associations accompanying 
the depletion of pasture soils in regions of New York with cool moist grow¬ 
ing seasons may be arbitrarily grouped as follows: (a) Kentucky bluegrass 
and white clover; (b) Kentucky bluegrass, bent grasses, and white clover; 
(c) bent grasses and white clover; (d) bent grasses, sweet vernal grass, and 
white clover; (e) sweet vernal grass; (f) sweet vernal grass and poverty 
grass; (g) poverty grass; and (h) herbaceous weeds, shrubs, and trees (1, 
3 , 4 ). 

The pH values of soil samples taken from under the vegetation found 
at the various soil fertility levels are found in table I. Numerous attempts 
have been made to correlate plant growth with the reaction of soils ( 7 , 8 ). 
Extended bibliographies will be found in previous papers on this subject 
( 1 , 3 , 4 ). It is observed that there is no very close correlation between the 
dominance of various pasture plants and soil reaction. The modal class 
for Kentucky blue, bent, sweet vernal, and poverty grasses is the same, hav¬ 
ing a pH range from 5.00 to 5.50. This would suggest that there is some 
major soil condition other than acidity determining the succession of plants 
accompanying the depletion of certain soils. 
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Pearsall (5) has suggested that the ratios of the various available 
cations in the soil may be more important than the hydrogen-ion concen¬ 
tration in determining the distribution of plants. It has been suggested by 
Cooper et al. (1, 2, 3, 4) that there is a possible relationship between plant 
growth and the quantity and strength of the available cations and anions 
present in certain soils. They believe that the oxidation-reduction potential 
of nutrient materials may influence their availability in soils, also the 
qualitative order of absorption of the common atomic nutrient ions by 
plants. If these conditions exist, one would not expect a close correlation 
between the H-ion concentration of the soil and plant growth. It is the 
opinion of Pierre (6) that the percentage base saturation of soils is often 
more important than H-ion concentration in determining the growth of 
plants on certain acid soils. 

It is often difficult to distinguish between Agrostis canina and A. tenuis 
in the seedling stage, as they are commonly found in well managed pastures. 
These species are found growing together in many of the pastures in cer¬ 
tain regions of New York, therefore the pH values for these two species are 
combined. Velvet bent is apparently very much more abundant than 
Rhode Island bent in some of the better bent grass pastures. Velvet bent 
is the predominant grass in many of the very best pastures found in the 
state. 

The data in table I show that the soil samples from under Red fescue 
and Canadian bluegrass were less acid than the soil from under Kentucky 
blue, bent, sweet vernal, and poverty grasses. Creeping bent grass was 
not generally found on strongly acid soils. The modal class for the creep¬ 
ing bent grass is pH 6.50-7.00. This condition was not expected when this 
study was begun. These data suggest that creeping bent is not so tolerant 
as some of the other species of bent grass to nutritional complexes charac¬ 
teristic of certain acid soils. Some of the good pastures in western and 
northern New York contain large quantities of creeping bent grass. 

The pH values of soils collected from under some of the common plants 
encroaching upon depleted pastures are found in table II. "White cedar and 
arbor vitae are very common on pasture soils containing limestone. The 
modal class is pH 6.50-7.00. Tamarack is also found on soils with a rela¬ 
tively low hydrogen-ion concentration. Mosses, mountain laurel, and white 
pine are frequently found on strongly acid soils. These data suggest that 
gray birch, hemlock, and spruce are very tolerant of nutritional complexes 
characteristic of strongly acid soils. 

Summary 

1. Data on the pH value of 2317 soil samples collected from under some 
common plants found in 546 New York pastures are reported. There is a 
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more or loss definite succession of pasture plant associations accompanying 
the depletion of pasture soils. Kentucky bluegrass requires a fertile soil, 
and it is likely to dominate on the good soils. As the soil is depleted, bent 
grasses or red top encroaches upon the Kentucky bluegrass and may 
dominate. On further depletion of the soil sweet vernal grass may 
dominate; and finally poverty grass, weeds, and trees represent the dominant 
type of vegetation. 

2. Data from the various grass plant associations accompanying the 
depletion of pasture soils do not show a close relationship between the soil 
reaction and the dominance of the various pasture grasses. The modal class 
for Kentucky blue, bent, sweet vernal, and poverty grasses is the same, 
ranging from pH 5.00 to 5.50. These data suggest that there is some major 
soil condition other than acidity determining the succession of pasture 
plants accompanying the depletion of certain soils. 

3. Creeping bent grass was not found on soil with a high hydrogen-ion 
concentration, which suggests that it is not so tolerant as some of the other 
species of bent grass to nutritional complexes characteristic of certain acid 
soils. 

4. Arbor vitae and white cedar are common on pasture soils containing 
limestone. Mosses, mountain laurel, and white pine are frequently found 
on strongly acid soils. Gray birch, hemlock, and spruce seem to be very 
tolerant of nutritional complexes characteristic of certain strongly acid 
soils. 

5. It is suggested that a well balanced supply of available cationic and 
anionic nutrient materials with relatively high oxidation-reduction poten¬ 
tials is much more effective than the hydrogen-ion concentration of the soil 
in determining the dominance of various pasture plants. 

Cornell University, 

Ithaca, New York. 


LITERATURE CITED 

1. Coopeb, H. P. Ash constituents of pasture grasses, their standard elec¬ 

trode potentials and ecological significance. Plant Physiol. 5: 193- 
214. 1930. 

2. _and Wilson, J. K. Correlation between electromotive 

series and oxidation potentials and plant and animal nutrition. 
Science 66: 629-631. 1927. 

3 ___. Relation of ash constituents of pasture 

plants to the oxidation-reduction potentials of nutrients. Soil Sci. 
30 : 421-430. 1930. 



532 


PLANT PHYSIOLOGY 


4. -,-, and Barron, J. H. Ecological factors de¬ 

termining the pasture flora in the northeastern United States. 
Jour. Amer. Soc. Agron. 21 : 607-627. 1929. 

5. Pearsall, W. H. Soil sourness and soil acidity. Jour. Ecology 14: 

155-163. 1926. 

6. Pierre, W. H. Hydrogen-ion concentration, aluminum concentration 

in the soil solution, and percentage base saturation as factors 
affecting plant growth on acid soils. Soil Sci. 31 : 193-207. 1931. 

7. Salisbury, E. J. The incidence of species in relation to soil reaction. 

Jour. Ecology 13:149-160. 1925. 

8. Wherry, E. T. Divergent soil reaction preferences of related plants. 

Ecology 8: 197-206. 1927. 



ISOLATION IN PURE CULTURE OF GREEN ALGAE FROM 
SOIL BY A SIMPLE TECHNIQUE 

C. E. Skinner 

There have been several procedures described for the isolation of green 
algae in pure culture, free from bacteria and molds. Among the ones most 
often cited are those of Chodat (3), Schramm (7), and Pringsheim (6). 
These methods are essentially alike. Some of the material from which the 
algae are to be obtained is inoculated into an inorganic nutrient solution. 
After incubation in sunlight and when growth is apparent, a small amount 
is inoculated into an agarized inorganic nutrient solution which is incubated 
in the light. After incubation, when green colonies appear, some of these 
are carefully picked out of the agar and each one inoculated into a flask of 
inorganic liquid media. This “enrichment culture method” is repeated 
until all the contaminating forms are eliminated. Then, instead of planting 
in inorganic media, the colonies dissected from the agar are planted in 
media containing dextrose. In case no molds nor bacteria develop and 
none can be found under the microscope, the culture is thought to be free 
from bacteria and fungi, and can be maintained in a manner similar to 
bacterial cultures. 

This method is not very applicable to soil, as was shown by Bristol 
Roach (2, 8), since inoculation of the soil into inorganic media allows a few 
rapidly growing species to predominate, and so only cultures which grow 
most rapidly in liquid media are isolated, whereas other species, possibly 
more numerous, may be repressed or overgrown. Thus a true picture of the 
soil flora is not obtained. Bristol Roach (8) had devised a method to 
counteract this defect in part, but in the opinion of the writer it is compli¬ 
cated and time-consuming. A few species were isolated by her method; but, 
after introducing simplifications and modifications, I was able to obtain 
about fifty soil strains of unicellular and small filament strains free from 
bacterial or fungal contaminants in the space of about eighteen months. 
Never more than one hour a day was consumed (exclusive of the time spent 
in preparing the media, which was done by a technician); often nothing was 
done for weeks at a time; and twice the cultures were not touched for a 
period of more than ten weeks. No special equipment was needed. The 
method in principle is that followed by Bristol Roach. With the modifi¬ 
cations, however, the isolation of algae from soil offers fewer difficulties than 
the isolation of anaerobic bacteria by the usual somewhat similar technique 
(5). This point is emphasized, since not a few botanists and bacteriologists 
have expressed the opinion to the writer that the separation of green algae 
from bacterial contaminants was a feat requiring the greatest refinement of 
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technique, much patience, and an amount of time greater than most people 
would wish to give to the work. 

The following media were used: 

Medium I (Detmer's, diluted to one-third as recommended by Chodat 4) : 


Ca(N0 s ) 2 4H 2 0 . 

1 gm. 

KC1 . 

. 0.25 gm. 

MgS0 4 -7H 2 0 . 

. 0.25 gm. 

KH 2 P0 4 . 

. . . 0.25 gm. 

Distilled H 2 0. 

3000 cc. 

0.1 per cent, solution of FeCl 3 . 

1 cc. 

Medium II (Beijerinck 1): 


NH 4 NO s 

0.5 gm. 

MgS0 4 -7H 2 0 . 

. . 0.2 gm. 

CaCl a (anh.) . 

0.1 gm. 

k 2 hpo 4 . 

0.2 gm. 

Distilled H 2 0. 

1000 cc. 

0.1 per cent, solution FeCl 3 .. . 

. . 0.2 cc. 


Medium III (Beijerinck’s modified) : 

Like medium II, but KH 2 P0 4 substituted for K 2 HP0 4 . 

When a solid medium is wanted, the solutions are solidified with 1.5 per 
cent, high grade agar agar. About 10 cc. of the medium was dispensed in 
each of the test-tubes which, for solid media, preferably possess thin walls, 
since many of them will have to be broken. If Burri tubes are available, 
they may replace the test-tubes and need not be sacrificed. All solid media 
are sterilized for a minimum amount of time at 15 pounds’ steam pressure 
to avoid hydrolysis of the agar. 

Twelve tubes of agar medium I or II are melted and cooled to 42°-45°. 
Into the first are added a few drops of a 10 per cent, (approximate) thor¬ 
oughly shaken suspension of soil in sterile tap water. The first tube is ro¬ 
tated vigorously or agitated with the pipette to mix it. From the inoculated 
first tube, 1-2 cc. of the agar are added to the second and thoroughly mixed. 
This is continued throughout the series, diluting each time with 1-2 cc. of 
the previously inoculated tube, thus diluting the soil suspension in series. 
The same pipette may be used throughout, if sterile precautions are ob¬ 
served and the pipette is cleaned out each time by sucking the agar back and 
forth. The tubes are placed in racks and incubated, if possible, on a north 
windowsill in summer, and in the winter away from the cold of the window 
but where they get a few hours of direct sunlight; for instance, on a table 
near a south, east, or west window. After an incubation period of about one 
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month or more, one or two of the tubes showing isolated, imbedded, green 
colored colonies is broken and the agar cylinder placed on sterile paper. 
This cylinder is broken repeatedly rather than cut, as many colonies as pos¬ 
sible picked out with a sterile and cooled wire, and each colony inoculated 
into a tube of medium I or III, preferably the latter. A rather fine wire is 
used, since it cools more quickly and allows less agar to adhere to it. Al¬ 
though a nichrome wire may be used, platinum is better since it cools more 
quickly. It is advantageous to get as little of the agar as possible into the 
solution. These tubes are incubated as before in racks or, if sufficient win¬ 
dow space is not available, in tumblers. Other agar tubes may be broken 
later to obtain slower developing colonies. Each tube of liquid media now 
usually represents a separate strain of soil algae. 

As soon as a green color has developed in the tubes of liquid media, shake 
agar dilution cultures are again made and incubated. When these show 
growth, tubes showing a few isolated colonies are selected and the colonies 
again picked. This time, however, the transplants are put into medium II 
containing also 0.5 per cent, glucose and 0.2 per cent, peptone. About 22 
colonies of each strain are transplanted into this medium and two colonies 
into inorganic medium I or III. 

If bacteria or molds are present in the tubes, growth will be apparent in 
2-5 days; if not, the tubes are incubated until algal growth is apparent, 
when they are transplanted to agarized medium II slants to which 0.5 per 
cent, dextrose and 0.2 per cent, peptone have been added. If no growth of 
bacteria or molds becomes evident on the slants, the cultures are probably 
free from these microorganisms. This may be ascertained by staining the 
cultures with any bacterial stain and by transplantation to bacteriological 
culture media. That the algae are pure cultures, free from other species of 
algae, is probable, but this point may be verified by microscopic examination 
or by a single cell technique, which is much easier than in the case of bac¬ 
teria. The purified cultures are maintained on agar slants of dextrose-pep¬ 
tone medium II agar, and any future bacterial or mold contamination may 
be recognized readily on this medium. 

The writer has found that in more than one-half of the trials with the 22 
tubes as described, at least one of the tubes was free from bacteria and fungi 
and showed a growth of algae. However, when all the 22 tubes are con¬ 
taminated, the two tubes of inorganic solution are allowed to grow in the 
light, are again diluted out in inorganic shake agar cultures, and colonies 
are picked and again planted into 22 dextrose-peptone solution tubes and 
into two tubes of inorganic media. The same procedure is repeated with 
these until a pure culture is obtained. 
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In a few cases it has happened that the bacteria which were not elimi¬ 
nated in three or four trials could be repressed by inoculation into media 
acidified with additional KH 2 P0 4 . In a few cases the molds could not be 
eliminated by the methods used and were discarded. Possibly the use of an 
absolutely inorganic medium with silica gel as the solidifying agent would 
have been effective. This, however, was not attempted. 

Although there is little new in principle in this procedure, it is given to 
soil biologists in the hope that the simplifications may assist in the isolation 
of soil algae. Since the writer is not a phycologist, no attempt has been 
made to identify most of the strains obtained. He will be pleased, however, 
to supply transplants to any botanist who is interested in the taxonomy of 
algae. 1 It is generally considered far more difficult to free blue-green than 
green algae from bacteria, and in this the writer is in hearty accord. So far 
all such attempts have met with failure, although Pringsheim ( 6 ) and 
others have succeeded in isolating these interesting forms. 

It might be mentioned that the use of the different media was not for the 
purpose of providing variety. Solutions near a neutral reaction are used in 
agarized media so as to prevent hydrolysis of the agar. Detmer's one- 
third (medium I) is more acid than Beijerinck's (medium II), but 
medium III (Beijerinck's modified) is so distinctly acid as to cause a de¬ 
cided hydrolysis (8). The acid liquid media are used to depress bacterial 
growth. Inasmuch as medium I contains no NH 4 salt, it may in some cases 
be used to repress fungous or bacterial growth, since not all molds or bac¬ 
teria are able to use nitrates. The Beijerinck solutions II and III, con¬ 
taining both nitrates and ammonium salts, allow a more rapid growth of 
algae than solution I; hence both media are used, depending on the condition 
of the culture. Many other media may be used, the formulae for which may 
be found in the papers cited. It must be remembered, however, (1) that 
while acid liquid media tend to repress bacterial growth, excess acid hy¬ 
drolyzes agar and thus enhances mold development; (2) that nitrates are 
often inferior to NH 4 salts for algae and also fail to supply available N for 
certain molds and bacteria; and (3) that media containing NH 4 salts tend 
to become acid and those containing nitrates tend to become basic, owing to 
selective absorption of the nitrogen-carrying ions. 

Department of Bacteriology, 

University op Minnesota, 

Minneapolis, Minn. 

i These cultures have been placed in the museum of Prof. E. G. Pringsheim, German 
University, Prague II, ViniSnA 3a, Prague, Czechoslovakia, from whom they should be ob¬ 
tained, if desired. 
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SUGGESTIONS FOR GROWING MASS CULTURES OF ALGAE FOR 
VITAMIN AND OTHER PHYSIOLOGICAL STUDY 

M. F. Gunderson and C. E. Skinner 

Pure cultures of algae are of great interest to physiologists. By means 
of them the non-essential nature of sunlight in the formation of chlorophyll 
was discovered about thirty years ago. This subject has been reviewed 
several times. 1 Mere recently Warburg and his school have made impor¬ 
tant contributions on the physiology of photosynthesis by use of pure cul¬ 
tures of algae. - Pringsheim and his associates have studied, in algae, trans¬ 
formations of Organic substances and other physiological phenomena under 
controlled conditions. Chodat and his students very early studied the 
utilization of carbohydrates by green plants (algae) and the effect of nu¬ 
trition on their morphology. Indeed one may suggest that no higher plants 
are so suitable for such varied physiological study as are unicellular algae. 
All bacteria may be eliminated, a thing next to impossible with larger 
plants; and varied nutritional, light, heat, and other external factors may 
be studied, one by one, without the chemical changes in the environment 
inevitable in the presence of bacteria. Then too, such small plants allow 
one to study large populations and the factor of individual variation ceases 
to operate. The technique used is essentially bacteriological, and one not 
trained in such a technique should not expect immediate success. As was 
emphasized in the preceding paper, however, the technique is not difficult. 

The writers wish to suggest another use of pure cultures of algae. Mass 
cultures of a bacteria-free growth may be grown on a substrate of known 
chemical composition in light or in darkness. Nutritional or external fac¬ 
tors may be varied individually. These mass cultures may be fed to ani¬ 
mals on diets and the presence or absence of vitamins determined. The sub¬ 
strate, of course, should be free from the vitamin being studied. Thus the 
factors necessary for the formation of the various vitamins may be deter¬ 
mined. The factors of light and chlorophyll may be separated, since many 
species of algae form abundant chlorophyll in total darkness in the presence 
of organic sources of energy. Other factors may also be studied one by 
one. By introducing certain chemicals or nutrients into the medium one 
may possibly obtain an insight into the chemical nature of the vitamin 
itself. Such a study has been initiated at the University of Minnesota, and 
the first results, now ready, will appear in a later publication. Non- 
chlorophyllous plants (bacteria) are now being used in the same way. 

After various trials, the following method was used for obtaining mass 
cultures for feeding, and is described in the hope that others may be spared 
the labor wdiich the writers spent before the method was finally adopted. 
Growth obtained in the same manner may be used for chemical amdysis, 

1 Skinner, C. E., and Gardner, Clara G. The utilization of nitrogenous organic 
compounds and sodium salts of organic acids by certain soil algae in darkness and in 
the light. Jour. Bact. 19: 101-179. 1930. 
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but it should be remembered that a slight amount of the substrate is ob¬ 
tained with the growth samples. 

One hundred and fifty to two hundred cc. of the agarized medium 
desired are dispensed into one-liter flat medicine bottles. For algae the 
writers used Beijerinck\s solution, 2 agar with the addition of 0.5 per cent, 
glucose. They are sterilized in the autoclave for the minimum time neces¬ 
sary and are allowed to harden after being laid on their sides on a perfectly 
flat surface. It was found convenient to prepare the media in 10-liter 
amounts. The agar should be washed repeatedly with alcohol and ether, 
and the glucose with ether. 

After hardening, the flasks are inoculated by adding with a sterile 
10-cc. pipette about 5 cc. of a suspension of growth, scraped aseptically from 
. an agar slant into a flask of sterile 1 per cent. NaCl or tap water. It is 
much more convenient for two persons to do this, one to unplug, flame, 
and plug the flasks, and the other to do the inoculation. The liquid is 
shaken over the surface of the medium and the bottles are then laid on 
their sides in a dark cupboard or incubator. After a little practice, con¬ 
taminations are infrequent. When growing algae or pigmented bacteria, 
contaminants can be recognized without difficulty. 

After sufficient growth has taken place, the mass of living organisms is 
washed from the agar. A little water is added and the growth separated 
from the agar by introducing a brass rod with a flattened end bent at right 
angles and with rounded edges to avoid cutting into the agar. This growth 
is washed into large cups which are centrifuged, and the sediment is col¬ 
lected in glass dishes. The supernatant liquid is used again and again in 
washing off more algal growth from the other flasks. The combined sedi¬ 
ment is then dried by directing a current of warm air directly on the 
growth. It is important that this be done fairly quickly, in order to pre¬ 
vent bacterial growth. Of course, conditions become unfavorable for 
growth before the algae are completely dry. The final dried growth is 
ground and used for the purpose desired. If fed as a supplement to 
vitamin-deficient rats, in the experience of the writers, no difficulty is en¬ 
countered in getting the animals to eat it. Naturally, all ingredients must 
be free of the vitamin being studied. 

In a similar way bacteria or other microorganisms may be produced in 
quantity for chemical analyses or for the purpose of feeding. Although 
more than one rather elaborate and very costly apparatus devised for the 
purpose has been described, which is much more efficient than the simple 
method outlined, the writers wish to suggest the above method for those 
who do not have the more costly apparatus. 

DEPARTMENT 07 BACTERIOLOGY AND IMMUNOLOGY, 

University or Minnesota, Minneapolis. 

* Beuerxnck, M. W. Notiz iiber Pleurocoecus vulgaris . Zent. Bakt. II, 4: 785-787. 
1898. (NH 4 NO t , 0.5 gm.; MgS0 4 7H a O, 0.2 gm.; CaCl*, 0.1 gm.; K 2 HP0 4 , 0,2 gm.; 
H*0, 1000 cc.; 0.1 per cent, solution FeCl„ 0.2 cc.; agar-agar, 15 gm.). 



DETERMINATION OF STARCH IN PLANT TISSUES 

B. L. Shrines 
Introduction 

During a study of the carbohydrate distribution in grape canes, it be¬ 
came necessary to have a method for the estimation of small amounts of 
starch. A fairly rapid, accurate method yielding easily reproducible results 
was desired in order that the analysis of a great number of samples could 
be completed in a short time. 

An excellent survey of the literature dealing with analytical methods for 
starch is given by Walton (11). Of all the methods listed, one described 
by Thomas (9) for estimating starch in apple spurs seemed most suitable. 
The fundamental idea of Thomas's method is the direct determination of 
the combined reducing power of glucose and maltose produced by the action 
of diastase on starch under prescribed conditions. This method avoids the 
destruction of sugars which always takes place if complete hydrolysis with 
acids is attempted or if acid hydrolysis after diastatic conversion of the 
starch is used according to the Official Methods (6). This fact was shown 
by Thomas and confirmed in the present work. Thomas determined the re¬ 
ducing sugars by means of the colorimetric method of Benedict and Oster- 
berg ( 1 ), which involved the reduction of a picrate-picric acid solution to 
picramie acid. When this method was tested out on pure starch it always 
yielded high results (table I). The use of mercuric nitrate as a clarifying 
agent was also unsatisfactory since it yielded a precipitate which was slow 
in settling and difficult to filter. Moreover, mercuric nitrate exerts an oxi¬ 
dizing influence on sugar solutions (5). It is evident that the clarifying 
agent must be chosen to suit the particular type of substrate obtained from 
the different plants. 

The procedure which was found most satisfactory is as follows: 

Procedure 

Three gm. of finely ground material (50 mesh), which had previously 
been extracted with 80 per cent, alcohol in order to remove soluble sugars, 
are heated to boiling on a steam bath for 30 minutes with 200 cc. water, and 
then cooled to 37° C. An aliquot portion of a solution of taka-diastase is 
added so that 0.1 gm. of the enzyme preparation is present. Two cc. of 
toluene are added and the mixture incubated for 48 hours at 37° C. The 
mixture should be shaken as often as possible during this digestion. The 
mixture is heated to boiling, filtered, and the insoluble material washed with 
hot water. One to 3 cc. of a saturated lead acetate solution are added and 
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the solution diluted to 250 cc. after cooling to 20° C. After shaking thor¬ 
oughly and allowing the lead precipitate to settle as much as possible the 
solution is filtered. The excess lead is removed by adding finely powdered 
disodium phosphate and filtering again. A copper reduction is run on a 
50-cc. portion according to the standard Munson-Walker procedure, using 
the Shaffer-Hartmann (8) iodometric method for determining the re¬ 
duced copper. A blank must be run using 200 cc. water and 0.1 gm. taka* 
diastase treated exactly like the sample. The difference between the blank 
and the sample gives the copper reduction value of the digest. This is cal¬ 
culated in terms of glucose from the standard tables. The amount of starch 
is then obtained as follows: 

Calculations 

It has been shown (8) that the ratio of glucose to maltose in the diastase 
substrate is 2:1; hence if g = glucose and m = maltose, then g = 2m and m = 



The average copper reducing value of maltose is 0.61 that of glucose, so 
if R represents the copper reducing of the diastase substrate expressed in 
terms of glucose, then g + 0.61 m = R (2). 

By combining equations (1) and (2) : 

2m + 0.61m = 2.61m = R; also g + = R 

w 


R , R 
Or:m = m andg= l305 


Starch value of maltose = 0.947 
Starch value of glucose = 0.90 

R 

so Sm = starch equivalent from maltose = r-^r x 0.947 = 0.362 R 


and Sg = starch equivalent from glucose = x 0-90 = 0.689 R 

JL.oUO 

Total starch = Sm ^ Sg = 0.362 R + 0.689 R = 1.051 R 
that is: to determine the amount of starch simply multiply the copper 
reducing value (R) expressed in terms of glucose by the factor 1.051. 


Discussion 

The preceding method and calculations are based on the following ex¬ 
perimental facts: 

1. The presence of glucose and maltose in the diastase substrate is in the 
ratio of 2:1. When the diastatic conversion is carried out as shown, the 
variation from the 2:1 ratio is very slight, and Thomas has shown that 
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these variations (1.8-2.3) do not materially affect the accuracy of the final 
percentage of starch. 

2. The average copper reducing value of maltose is 0.61 that of glucose 
(6). This value varies somewhat, of course, as is evident from Munson and 
Walker's tables and the choice of 0.61 is made purely arbitrarily since it 
has been found that this value gives good results. 

3. The starch equivalents for glucose and maltose are the ones usually 
given (9). 

It will be noted that the factor calculated from the experimental data is 
quite different from the stoichiometric factor calculated from the following 
equation: 

4C 6 H 10 O 5 + 3H 2 0 -» 2C 6 H 12 0 6 + C 12 H 2 Ax (3) 

Starch Glucose Maltose 

4x162 =648 2x180 342 

Since the average copper reducing value of maltose is 0.61 that of glu¬ 
cose, 

then 342 x 0.61 = 208 

for glucose 2 x 180 = 360 


sum of glucose and maltose = 568 


hence ratio should be 


648 

568 


= 1.141 theoretically. 


However, there is no evidence for equation (3). The diastase substrate con¬ 
tains glucose and maltose in the ratio of 2 :1 but this does not mean that 
four C 6 H 10 O 5 units of starch produce two moles of glucose and one of 
maltose. In fact, the number of moles of glucose and maltose is less than 
these values and recent work indicates that maltose is not a primary 
cleavage product of starch but is produced by the synthetic action of the 
taka-diastase on the glucose. It is also evident from table I that the use of 
this factor would lead to high results for pure starch. The use of lead 
acetate as a clarifying agent and disodium phosphate as a de-leading agent 
is much more satisfactory and more rapid than the use of mercuric nitrate, 
and it avoids the reduction of any mercury with simultaneous oxidation of 
the sugars. It is essential that disodium phosphate be used for de-leading, 
as shown by Enqlis and Tsang (4), and especially so in the present method 
since the Shaffkr-Hartmann iodometric titration method for estimating 
the reduced copper is used. The use of sodium oxalate or sodium carbon¬ 
ate as a de-leading agent is prohibited since both of these interfere with 
the determination of the reduced copper by this method. 

The substitution of the Shaffer-Hartmann volumetric method for the 
colorimetric method has several advantages. In the first place it eliminates 
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the personal error involved in methods which depend on the matching of 
colors. The starch-iodine endpoint is easily observed. The titrimetric 
method is also much more rapid, requiring only one-half to one-third the 
time required for the colorimetric comparison. Although the objections to 
and disadvantages of the Munson-Walker reduction method are 
recognized, it has been found that with a little experience this method yields 
good results. Since the copper reducing ratio of maltose to glucose is only 
0.61 while the picric acid reducing ratio is 0.91, it might be expected that 
this would result in a reduction in accuracy of the method. The data in 
table I, in which the present method is compared with other methods on a 

TABLE I 
Data on pure starch 



Amount of starch found 

BY 

Weight of pure 
starch taken 

Diastatic conversion 

FOLLOWED BY HYDROLY¬ 
SIS WITH 0.5 PER CENT. 

HC1 

Colorimetric ac¬ 
cording to 
Thomas 

Cu REDUCTION on 
diastase sub¬ 
strate 

gm . 

gm . 

gm . 

gm . 

0.2000 . . 

0.1599 

0.2162 

0.2008 

0.2000 . . . 

0.1591 

0.2162 

0.2003 

0.3000 . . 

0.2531 

0.3563 

0.2953 

0.3000 

0.2476 

0.3523 

0.2961 


TABLE II 

Summary of starch determinations in grape cane 


Sample no. 

Method 

By hydrolysis with HC1 
after diastase copper 
reduction 

Colorimetric ac- 

CORDNO TO 

Thomas 

Writer’s method 


per cent . 

per cent . 

per cent . 

1 

1.52 

2.79 

2.46 

2 . 

1.98 

3.44 

2.61 

3 . 

3.84 

5.44 

4.98 

4 . . 

2.60 

3.86 

3.43 

5. 

3.25 

4.87 

3.93 

6 . 

3.35 

5.29 

4.49 

7 . 

5.45 

5.93 

3.30 

8 . 

4.27 

4.79 

4.72 

9 . 

1.61 

2.63 

2.39 

L0 . 

4.03 

5.26 

4.50 

> 
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sample of purified arrowroot starch, indicate that this factor has had no 
appreciable effect on the accuracy of the results. 

It will be noted (table I) that the colorimetric method yielded high re¬ 
sults; the acid hydrolysis (0.5 per cent. HC1) after diastatic conversion 
yielded low results (indicating destruction of the glucose); while the direct 
copper reduction yielded results closely approximating the amount of starch 
taken. Since it has been shown that 2.5 per cent, hydrochloric acid possesses 
a destructive action on glucose (3, 7, 9, 10), 0.5 per cent, acid was used 
(9). This concentration is sufficient to hydrolyze the maltose and any re¬ 
maining unhydrolyzed dextrins. It was also found that the use of 2.5 per 
cent, hydrochloric acid gave still lower results than those in table I. 

In table II the same relationship between the methods is found to hold 

when applied to the determination of starch in ten different varieties of 

* 

grape canes. 

Summary 

A method for the determination of starch is described which involves: 
(1) conversion of the starch into glucose and maltose by the action of 
taka-diastase; (2) determination of the combined reducing value of the 
glucose plus maltose by the Shaffer-Hartmann modification of the Mun- 
son-Walker method. A simplified method of calculating the amount of 
starch from these data is given. 

Department op Chemistry, 

University op Illinois, 

Urban a, III. 
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MANNOSE AND THE FIRST SUGAR OF PHOTOSYNTHESIS 1 
Harry F. Clements 

During the past half century, scientific effort has been made to determine 
the course of photosynthesis. Among the numerous lines of investigation 
pertaining to this subject, the occurrence and behavior of the simple sugars 
and sucrose have interested many investigators. Physiologists seem to agree 
now that the simple sugars are the first sugars formed by plants; and 
since the pentoses do not occur generally in leaves, the hexoses, glucose 
and fructose, might logically be the first sugars formed. It is possible 
that only glucose is the first sugar synthesized and that fructose, as well as 
all the other plant carbohydrates, arise from it. If this be the case, then 
it might well be expected that mannose should be formed also, since struc¬ 
turally it is so nearly like glucose and fructose; and, too, whenever glucose 
is converted by means of its enolic forms to fructose in the laboratory, 
mannose is produced as abundantly as fructose. In other words, these three 
sugars when existing under conditions favoring the enolic conversion will 
exist in equilibrium. To date, mannose has not been found in photo¬ 
synthetic tissues, but an attempt to find it there has apparently not been 
made. It is the object of this study to make a rather extensive search for 
mannose in leaves of many species of plants. It is hoped that the results 
may be such as to be of value in determining the first sugar of photo¬ 
synthesis. 

In 1903 H£rissey (3), after studying mannans and galactans in seeds, 
concluded that these reserves are digested to form mannose and galactose 
respectively; but since neither of these sugars was positively identified in 
juices of living plants, if they exist at all they must exist as intermediate 
products of hydrolysis and must be changed very quickly to other com¬ 
pounds. Thus although mannan, which after hydrolysis yields mannose 
and mannitol (a hexahydric alcohol), has been found in many plant parts, 
mannose itself has never been found except in traces in those parts of plants 
in which the mannan is stored. 

The plants used in this investigation were : 

Pteridium aquilinum var. Pyrus malus 

pubescens Pyrus communis 

Pseudotsuga taxifolia Lupinus ornatus 

Abies grandis Pisum sativum 

Pinus ponderosa Melilotus officinalis 

i Contribution no. 34 from the Botany Department of the State College of Wash¬ 
ington. 
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Pinus monticola 
Picea engelmanni 
Triticum aestivum 
Avena sativa 
Tradescantia fluminensis 
Allium acuminatum 
Veratrum speciosum 
Salix sp. 

Populus tremuloides var. aurea 

Urtica holosericea 

Frasera fastigiata 

Rumex crispus 

Beta vulgaris 

Philadelphus lewisii 

Heuchera glabella 

Rosa spaldingii 

Prunus cerasus 


Medicago sativa 
Geranium viscosissimum 
Pelargonium domesticum 
Acer negundo 
Parthenocissus quinquefolia 
Tilia glabra 
Althaea rosea 
Heracleum lanatum 
Syringa vulgaris 
Verbascum thapsus 
Sambueus coerulea 
Balsamorhiza sagittata 
Tragopogon porrifolius 
Arctium minus 
Wyethia amplexicaulis 
Helianthus annuus 


In this group, the Pteridophyta and the Spermatophyta are represented. 
Plants belonging to both Gymnospermae and Angiospermae were used. Of 
the Angiospermae, leaves were collected from plants of 22 families. Not 
only were plants selected to represent widely separated families, but plants 
whose soil preferences varied widely were employed. 

The leaves of these plants were collected between 1 :00 and 2:30 p. m. 
on successive days, beginning June 12, 1931. Usually six or seven species 
were taken each day. The leaves were taken into the laboratory and 300 
gm. of green material quickly ground in a plate grinder. Sufficient water 
was added to make the ground mass fairly liquid. The watery material 
was then brought to a boil and boiled gently for two hours. At the end of 
this time the liquid was filtered through cheese cloth and cooled. Enough 
neutral lead acetate was added to clear the solution. After filtration, the 
excess lead acetate was precipitated with di-sodium acid phosphate and 
again filtered. The filtrate, which totaled some 300 ce., was reduced under 
diminished pressure to 20 cc. The pressure was so adjusted that the solution 
boiled at 35° C. The concentrated solution was cooled under tap water, 
and whatever precipitate formed was filtered off. To the filtrate, 2.6 gm. 
of phenylhydrazine hydrochloride and 3.0 gm. of sodium acetate were 
added. Vigorous shaking of this mixture usually resulted in the complete 
solution of the added compounds. The samples were then allowed to remain 
for 24 hours in a refrigerator kept at 1° C. At the end of this period, a 
search was made for the crystals of mannose phenylhydrazone. 
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In order to determine the accuracy of the method used, 0.1 gm, of d. 
mannose was added to 300 gm. of ground leaf material of Heracleum 
lanatum, Medicago sativa, Urtica holosericea, and Balsamorhiza sagittata 
respectively, and thoroughly mixed into each sample. The procedure was 
followed as just outlined. In each, an abundance of a crystalline pre¬ 
cipitate resulted which on recrystallization in 60 per cent, alcohol yielded 
the platelike, colorless prisms characteristic of the hydrazone of mannose. 

Mannose was found to be absent from the leaves of the 42 species of 
plants used. Since such large quantities (300 gm.) of leaves were used and 
the extracted solution was concentrated to 20 cc., it is highly improbable 
that mannose exists even in the slightest traces in photosynthetic tissues, for 
the method used was found to be sensitive to a 0.03 per cent, solution of 
mannose. 

Although mannose could not be found in these investigations, it may not 
mean that it is universally lacking in leaves, but it certainly does mean that 
it forms no part of the general photosynthetic scheme in plants. This being 
the case, it is probable that fructose in leaves has an origin which is in¬ 
dependent of glucose; for unless the stereo-chemical relationships known to 
exist among glucose, fructose, and mannose are different in plant sap from 
what they are in pure water, it may be expected that were fructose formed 
from glucose, mannose should likewise be present. This is not the case. 

A number of investigators (1) have reported that the occurrence of 
pentoses is not widespread in photosynthetic tissues. Clements (2) has 
found sucrose to be absent from leaves during the morning when photo¬ 
synthesis is active. By a process of elimination, fructose and glucose seem 
to be the only sugars generally associated with carbohydrate production. 
That fructose arises from glucose normally in green leaves seems improbable 
in view of the finding reported herein. Apparently, then, glucose and 
fructose arise simultaneously as the first sugars of synthesis/ 

Summary 

1. Mannose is found to be absent from leaves of 42 species of plants. 

2. Since mannose arises from glucose together wdth fructose in alka¬ 
line solutions, and since mannose is not present in leaf sap. it is con¬ 
cluded that fructose does not arise from glucose in plants but that its 
origin is simultaneous wdth that of glucose. 

3. By eliminating the pentoses, mannose, and sucrose as sugars not 
always present when photosynthesis is in progress, it seems probable that 
glucose and fructose are together the first sugars of synthesis in green leaves. 

State College of Washington, 

Pullman, Washington. 



550 


PLANT PHYSIOLOGY 


LITERATURE CITED 

1. Barton-Weight, E. C., and Pratt, M. C. Studies in photosynthesis. 

II. Biochem. Jour. 24: 1217-1234. 1930. 

2. Clements, Harry F. Hourly variations in carbohydrate content of 

leaves and petioles. Bot. Gaz. 89: 241-272. 1930. 

3. HfimssEY, Henri. Reelierches chimiques et physiologiques sur la diges¬ 

tion des mannanes et des galactanes par la seminase chez les 
v6getaux. Rev. Gen. Bot. 15 : 345-392; 406-417; 444-464. 1903. 



BRIEF PAPERS 


A PLANT TEST OF THE SUN LAMP 1 
(with one figure) 

In the course of investigations relative to temperature effects in plant 
growth, it became advisable to adopt artificial illumination as a substitute 
for difficultly controllable solar heat. This practice involved the issue of 
spectral adequacy in the case of the ordinary Mazda electric lamp. Tests 
based upon this point have shown that the young wheat plant is favored in 
assimilating the nitrate radicle by exposure to the relatively high output of 
shorter visible and longer ultraviolet radiations emitted by the carbon arc. 
However, this form is less conveniently controlled for quantitative irradia¬ 
tion than more modern types of lamp. 

In view of these considerations it seemed particularly desirable to test 
the growth responses of plants to the Sunlight (Type S 1) lamp recently 
developed by the General Electric Company. This lamp is described by 
Luckiesch. 2 A unit of this type was placed at the writer’s disposal through 
combined assistance from the Committee on Radiation of Living Organisms, 
Division of Biology and Agriculture, National Research Council, and the 
General Electric Company. Inasmuch as the tomato plant (Lycopersicum 
esculentum) had been found to give rather marked developmental and com¬ 
positional responses under Vita glass, a form more transparent to solar 
ultraviolet radiation than common glass, this species was chosen for the 
present test. 

Seedlings of the Livingston Globe variety produced in well manured silt 
loam were irradiated nine successive nights of 15 hours each, following their 
emergence from the soil. Sunlight was excluded from the cultures, and the 
average effective air temperature about the plants was about 22° C. One 
flat of 60 seedlings was exposed under a 500 watt Mazda C lamp with an 
intervening cell of flowing water equipped with common glass. A similar 
flat was exposed to the sun lamp under a water cell constructed from Vita 
glass. The strongest illumination feasible was utilized, approximating 2000 
foot candles. From time to time the distance between the lamp filaments 
and the upper leaf surfaces was readjusted by the use of a thermopilic 
photometer to maintain approximate equality of total effective radiation 
from the lamps. 

i Published with permission of the Director of the Wisconsin Agricultural Experi¬ 
ment Station. 

* Luckiesch, M. Artificial sunlight. D. Van Nostrand Co., Inc. 1930. 
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The appearance of the plants at the close of the test is shown in figure 1. 
Pigmentation of stem and darker color of leaf under the sun lamp which 



Fig. 1. Tomato seedlings after irradiation nine days from emergence: at left, 
under Mazda lamp ; at right, under sun lamp. 


were conspicuous here were becoming evident on the sixth day. A rather 
strong phototropic effect under this lamp was also evident. Yields and 
partial composition of the upper tissues are presented in table I. 


TABLE I 

Yield and composition op stems and leaves in tomato seedlings with relation to 

IRRADIATION 


Source op 

RADIATION 

Weight 
op 60 

DRIED 

PLANTS 

Lipide content* op 

DRY MATTER 

Non-lipide nitrogen 

CONTENT OF DRY MATTER 


gm. 

1 per cent. 

gm. 

percent. 

gm. 

Mazda lamp . 

1.044 

3.38 

0.034 

4.83 

0,050 

Sun lamp 

1.299 

2.96 

0.038 

5.31 

0.069 


* Ether extract. 


Notwithstanding the increased weight of plant under the sun lamp, 
which might lead one to anticipate more adequate illumination for the re¬ 
quirements of carbohydrate synthesis, the tissue exhibits an increased pro¬ 
portion of nitrogen-containing compounds. This condition is associated 
with slight depression in the proportion of lipides. As to quantities syn¬ 
thesised, it appears that lipides were favored slightly and nitrogen com¬ 
pounds considerably by exposure of the seedlings to the sun lamp. 
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Obviously the conditions of exposure solely to the sun lamp are abnormal 
for plant development. This lamp is intended to provide by relatively brief 
intermittent exposures the effects of daily exposure to the ultraviolet radia¬ 
tion of sunlight. The results indicate favorable rdles of this form of radia¬ 
tion in relation to the plant. It appears possible to use the sun lamp for 
limited daily periods in conjunction with major illumination from the 
Mazda lamp so as to imitate solar radiation of the summer season.—W. E. 
Tottingham, Department of Agricultural Chemistry, University of Wis¬ 
consin, Madison. 

A DUAL-PURPOSE MICROSCOPE LAMP 
(with two figures) 

While in general physiologists make less use of the microscope than do 
workers in other fields of biology, yet when they are required to make 
microscopical studies their needs are often extremely exacting. Many 
times they desire to study cells in the living state, using vital stains or no 
stain at all where differentiation must depend upon differences in refrac¬ 
tive index. Illumination for this type of work must be critical and intensity 
must be great enough to give bright images after considerable reduction of 
the condenser aperture. 

The writer has constructed a small, compact lamp which has proved 
very satisfactory for several types of work. It was developed primarily 
for use with the dissecting microscope (1), but has, by the addition of a 
ground glass and diaphragm and some slight improvements in design, been 
adapted for use with the compound microscope for both light and dark field 
Avork and for photomicrography. 

Figure 1 shows the lamp assembled for use and figure 2 show T s the 
various parts. The light source A , figure 2, is an Osram 6 volt, 25 watt Nitra 
globe 1 which fits a standard socket. This is mounted in the rear housing 
B which fits into the front housing C. The two condenser lenses D and E 
of 5 cm. focal length and 3.8 cm. diameter are mounted in the sleeve F by 
means of the spacer O and spring sleeves H, and F slides into the front tube 
of C and is adjusted by rotating the handle which protrudes through the 
spiral groove in C. A 110 to 6 volt transformer I fits in the housing J, pro¬ 
viding proper current for the Nitra bulb and also serving as a heavy base. 
The assembled lamp is mounted on J by means of a universal joint and 
swings into several positions, allowing adjustment of height and angle. 

The lamp as described thus far makes an excellent illuminator for dis¬ 
section, providing a beam of intense light. For use with a compound 

* Obtainable from E. Leitz, Inc. 
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Pig. 1. Microscope lamp with ground glass in position for use with compound micro¬ 
scope. 



Pig. 2. Microscope lamp disassembled to show the individual parts. 

microscope the fitting K is slipped on over the front tube of C. It bears a 
ground glass in front of which a hinged door, L, with a four-holed 
diaphragm disk, M, may be latched. This disk is pivoted on the back face 
of L and protrudes slightly above it. By brushing the hand lightly along 
the upper edge of L when it is closed, this diaphragm disk may be rotated, 
centering the different-sized holes with the larger opening in L. With the 
door open and the condenser back, an area 4 cm. in diameter is illuminated 
for use with the 16-mm. objective. Moving the condenser forward and clos¬ 
ing the door L gives an intensely illuminated area which may be dia- 













BRIEF PAPERS 


555 


phragmed to spots of smaller diameter for use with higher powered objec¬ 
tives. The ground glass was prepared according to directions by Belling 
(2) and gives a very satisfactory matte. 

In using this lamp, it is placed directly in front of the microscope and 
about 25 cm. from it. The lamp is tilted to point directly at the mirror, and 
with a slide in place the microscope is brought into focus. Then the con¬ 
denser of the microscope is adjusted until the outline of the diaphragm on 
the lamp is in sharp focus in the field of the ocular. The lamp diaphragm 
should just limit the field of view for low power work, and for very critical 
high power study it may come considerably within the limits of the ocular 
diaphragm. If the matte of the ground glass is coarse, the microscope 
condenser may be slightly raised but the outline of the lamp diaphragm 
should remain clear. 

If a broad color band appears around the edge of the field, the micro¬ 
scope condenser is not achromatic and should be exchanged for one that is. 
A narrow color band is present with all condensers and serves as a great 
convenience in centering the microscope condenser. If the latter is out of 
center this band will vary in color, and by adjusting it so that the color is 
uniform around the complete periphery of the field, optical centering will 
be effected. 

The addition of a green filter of proper intensity greatly improves 
this illuminating equipment. The filters are best mounted separate from 
the lamp so that they can be moved without disturbing the apparatus. 

In taking photomicrographs, this lamp may be used either with or with¬ 
out the ground glass. The use of a light filter narrows the transmission 
band and tends to reduce aberration. The Wratten M filters of the East¬ 
man Kodak Company have proved very satisfactory for this purpose.— 
A. S. Crafts, Botany Division , University Farm , Davis, Calif . 
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A USEFUL INSTRUMENT FOR MEASURING HEIGHT GROWTH 

(with one figure) 

Lack of knowledge of the tools of the machinist often deprives the bota¬ 
nist and forester of the use of standard stock instruments which are well 
adapted to their needs. This lack causes them to use makeshift substitutes, 
or to have “special job” instruments made, which is usually an expensive 
procedure* 

In measuring the height growth of trees at frequent intervals during 
the past growing season, the writer found a standard machinist’s tool known 
as a drill point gauge to be very useful and satisfactory. The drill point 
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gauge consists of a flat, graduated steel blade on which slides a triangular 
head. The side of the head used in measuring growth extends at right 
angles from the blade for a distance of about 5 cm. (figure 1). 

In actual practice a brass escutcheon nail (number 16 wire, 2 inches 
long) is driven firmly into the twig (leader in the case of conifers) some 
distance back from the tip. With this as a base, the distance to the tip of 
the bud is measured, and after growth starts is remeasured at intervals, 
the difference between readings giving the amount of growth. 

To facilitate holding the base of the blade on the nail, a strong, slotted, 
wooden handle is slipped over the end of the blade and wired firmly in 
place. This handle extends 5 cm. beyond the end of the blade and ends 
in a small notch, which prevents the gauge from slipping off while the 
gauge head is being moved until it touches the tip of the bud. 

If the twig grows vigorously during the season it may grow beyond the 
length of the blade, in which case a handle 25 cm. or more long may be 
substituted for the shorter one. There is no difficulty in interpreting the 
readings when the handles are changed. If some twigs are long and others 
short, the long handle may be used but with a hole bored 5 cm. from the 
end of the steel blade to admit the base nail (figure 1). 

The drill point gauge as described is made by the L. S. Starrett Com¬ 
pany, of Athol, Mass., with heads of two sizes, large and small, and is pro¬ 
vided with several lengths of blades, all of which, however, are too short or 
are provided with unsuitable graduations. However, the 60 cm. blade 
from another standard tool known as a combination square fits the large- 
size head perfectly. This blade is graduated in millimeters and half 
millimeters. It might be advantageous to use a meter blade but such a 
length is not available as a regular stock tool. Since a wooden handle 
notched to rest on the base nail is desirable, and since these handles can 
easily be made in various lengths, the shorter blade is not a serious handi¬ 
cap. The gauge as described can be easily and quickly obtained through 
local dealers at a cost of about $6.00. 

For foresters desiring measurements in lOths of inches a special blade 
would have to be made, as regular stock blades in inches are graduated only 
in 32nds and 64ths. 

The writer has used this gauge in making thousands of measurements 
on the leader growth of various conifers and has found it rapid and yet 
accurate. With a solid base to measure from and a sharp pointed bud 
to measure to, growth of as little as a millimeter per day can be accurately 
determined, provided the set screw is adjusted so that the head slides on the 
blade without “play.” One possible improvement might be the insertion 
of a tension spring to hold the head from slipping too easily and yet take 
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up the “play” without undue adjustment of the set screw. This gauge 
should also he of value in measuring height growth in herbaceous plants, 
using the ground as a firm base from which to measure. 

In measuring the thickness of twigs, a small steel caliper rule (75 mm. 
long) graduated in half millimeters, also a standard stock tool, was found 
indispensable for accuracy and speed.— Raymond Kienholz, Tale School of 
Forestry and Connecticut Agricultural Experiment Station, New Haven, 
Conn. 



NOTES 


Annual Election.—The annual election of the American Society of 
Plant Physiologists has resulted in the election of the following officers: 

President: Dr, D. R. Hoagland, University of California; 

Vice-President: Dr. C. 0. Appleman, University of Maryland; 
Secretary-Treasurer; Dr. W. A. Gardner, Alabama Polytechnic Institute. 

A very busy season usually confronts the newly elected officers, as there is 
always an approaching annual meeting, with its many problems and diffi¬ 
culties. The officers will appreciate cooperation on the part of the mem¬ 
bers of committees, and of the members generally. The prompt perform¬ 
ance of each duty as it comes along makes a pleasure of service. 

International Botanical Congress.—According to the decision of the 
Fifth International Botanical Congress at Cambridge in 1930, the Sixth 
Congress will be held in Holland in 1935. An Executive Committee has 
been formed. President of which is Professor Doctor F. A. F. C. Went 
(U trecht). Professor Doctor J. C. Schoute (Groningen) will act as Vice- 
President, Dr. W. C. deLeeuw (Bilthoven) as Treasurer, and Dr. M. J. 
Sirks (Wageningen) as Secretary. The Committee has decided that the 
VI Congress will meet at Amsterdam, September 9th to 14th, 1935. Scien¬ 
tific societies are kindly requested to reckon with these dates in planning 
their own meetings. 

Osborne Medal.—The American Association of Cereal Chemists has 
awarded its Thomas Burr Osborne gold medal to Dr. Clyde H. Bailey, 
Professor of Agricultural Biochemistry at the University of Minnesota, for 
distinguished contributions in cereal chemistry. Formal presentation of the 
medal was made at the annual meeting of the Association at Detroit, May 
23-26, 1932. Dr. Bailey has been very active in his chosen field and de¬ 
serves the honor which has been bestowed upon him. He is a member of the 
American Society of Plant Physiologists, and gave much helpful advice to 
the officers of the Society at the Kansas City meeting in 1925, when the 
plans for the establishment of Plant Physiology as our official journal 
were under discussion. 


George Janssen. —News of the death of Dr. George Janssen of the 
University of Arkansas at Fayetteville, a member of the American Society 
of Plant Physiologists, came as a distinct shock to those who had just re- 
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eently met him at the meeting of the Society in New Orleans. A sad com¬ 
mentary on the ways of life is provided by the fact that he there served on 
the Resolutions Committee. A seemingly indefatigable worker, Janssen 
had not been endowed with the best of health, which accounts for his 
relatively sudden demise at the age of 35 years. 

Following his early years spent in South Dakota, Janssen obtained his 
collegiate training at the State College of that common-wealth and received 
the B.S. degree from that institution in 1921. From 1920 to 1922 he served 
as Agent of the Cereal Office, United States Department of Agriculture, and 
in the latter year was granted the M.S. degree for work in agronomy. 
During this period he became co-author of experiment station bulletins on 
the culture of potatoes and wheat. 

From 1923 to 1926 Janssen served as Research Assistant at the Uni¬ 
versity of Wisconsin, in cooperation with the Office of Cereal Investigations 
of the U. S. D. A. In 1925 he was awarded the degree of Ph.D. at Wiscon¬ 
sin. His thesis, dealing with the relation of seeding date to the physiology 
and winter-hardiness of wdieat, appeared in the Journal of the American 
Society of Agronomy 21: 168-200, 444-466. 1929. Since 1926 Dr. Janssen 
had held the position of Assistant Professor of Agronomy at the University 
of Arkansas. There he had participated in some of the newer phases of 
work on the functions of potassium in plant nutrition. 

To the professional colleagues of Dr. George Janssen the Society ex¬ 
presses its regret for the untimely loss of an enthusiastic member; and to 
Mrs. Janssen, an alumna of South Dakota State College, and the two 
children, it extends sympathy.—W. E. T. 


Endowment.—Every scientific organization which assumes as part of 
its services the support of publication of research needs a back-log of 
permanent income from endowments. The reason for this need is especially 
obvious in times of stress like the present, when the less active and non¬ 
productive support is lost. It is recognized that the best investigators in 
such an organization are its best assets, for it is the research of such in¬ 
dividuals that supplies the commodity for which we are willing to pay. 
But as it costs on the average of $5.00 for each printed page, a single 
important paper may cost more than the individual investigator will pay 
in the form of dues during his entire life. The answer to the problem 
presented is endowment. The American Society of Plant Physiologists 
has recognized the need of a strong financial basis for its work. Two of its 
three endowment funds are fairly well established. There should be a 
much larger general endowment fund. As a first objective in building such 
a fund we suggest that $25,000 would provide income equal to 25 per cent. 
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of the present cost of publication. If this amount were available now, it 
would not be necessary to delay publication of papers because of lack of 
space. Everything else about research is endowed except publication. As 
research becomes useful only upon dissemination and assimilation into the 
knowledge, culture, and the practices of civilization, the publication of re¬ 
search is the final necessary step before such assimilation can take place. 
Why should we not have a named endowment for support of publication, 
if we have named endowments for research itself f This phase of support 
has been neglected by men of wealth. There is an opportunity for some 
man of far vision to make an outstanding contribution to research, by 
establishing endowments to assist in publication under conditions which 
insure use of the interest solely for meritorious publication. 

Minnesota Section.—During the year 1931-1932 the University of 
Minnesota Section has held eight meetings. The program of addresses be¬ 
fore the group was as follows: 

Nov. 10,1931. (a) Physiological relations between stock and scion. Mr. 

Ernest Angelo, (b) Portraits of plant physiologists. Dr. R. B. Harvey. 

Dec. 1. (a) Plant physiology of the vitamins. Dr. G. 0. Burr, (b) 

Physiology of the blueberry. Mr. P. B. Chandler. 

Jan. 12, 1932. Transformations of iron in the soil. Mr. H. 0. Halvor- 
son. 

Feb. 2. Accumulation of dry matter in corn leaves. Mr. K. H. Bur¬ 
nett, Concordia College. 

March 1. Physiological studies of soil algae. Dr. C. E. Skinner. 

April 5. The physiological development of the female gametophyte. 
Dr. F. K. Butters. 

May 3. Relation of seasonal variations to the eradication of weeds. 
Prof. A. C. Arny. 

June 7. Time of harvest in relation to yield and quality of the crop. 
Dr. H. K. Wilson. 

Purdue University Section.—The Purdue University Section of the 
American Society of Plant Physiologists held its annual spring dinner 
meeting on Monday evening May 9, 1932. Guests of the occasion were Dr. 
H. E. Hayward and Dr. E. J. Kraus of the University of Chicago, Dr. 
S. H. Eckerson of the Boyce Thompson Institute, Dr. G. T. Nightingale 
of the New Jersey Agricultural Experiment Station and J. P. Martin of 
the Hawaiian Sugar Planters’ Experiment Station. Dr. Hayward gave a 
talk on “Some Botanical Problems” in which he reviewed briefly the his¬ 
tory of plant morphology, emphasized present deficiencies in our knowledge 
of ontogeny, and warned against the modern tendency to excessive and pre- 
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mature publications. On the following day the visitors inspected the re¬ 
search work in the plant sciences at Purdue. 

Introduction to Phytochemical Research.—A text-book in mimeo¬ 
graphed form bearing this title has been prepared by Dr. R. C. Burrell, 
of the Ohio State University, Columbus, Ohio. It is especially designed 
for advanced students in agricultural chemistry, botany, farm crops, 
horticulture, soils, etc. Although it was prepared especially for his own 
classes, Dr. Burrell states that a few copies are available, in case students 
and investigators in other institutions would like to obtain a copy. The 
price of the volume is $2.00, and Dr. Burrell will supply it to any one who 
desires a copy at that price until the edition is exhausted. 

Methods of Analysis.—The third edition of this valuable work was 
issued by the Association of Official Agricultural Chemists some months 
ago. A number of new chapters have been added, which give methods of 
analysis of caustic poisons, naval stores, paints, radioactive substances, and 
eggs and egg products. Other changes are noted as follows: The chapter 
on vinegar is now included in the chapter on condiments and spices. 
Gelatin is included under meat. Beers, wines and distilled liquors have all 
been combined in one chapter. Feeding stuffs are now’ included as grain 
and stock feeds. The appendix defines certain fertilizer terms as adopted 
by the association. The price of the new edition is $5.00 per volume, with 
20 per cent, discount in lots of five or more. 

Handbook of Plant Analysis.—The Vienna press of Julius Springer 
has just issued the second volume of G. Klein’s Handbuch der Pflanzen- 
analyze, a work of 973 pages. It is divided into two sections, the first of 
which (pp. 1-204) is devoted to the analysis of inorganic materials, and 
the second (pp. 205-973), to organic substances. 

The inorganic substances are considered in four sections: analysis of 
the most important cations (K, Na, Ca, Mg, Mn, Fe, Al), and anions (C0 3 , 
Cl, I, Br, P 2 0 5 , S0 3 , Si0 2 ), and of occasionally occurring ions (As, Cu, 
Zn, Co, Ni); analysis of inorganic nitrogen compounds; determination and 
analysis of ash; and gas and micro-gas analysis. 

The organic substances are treated in thirteen sections with the fol¬ 
lowing titles: alcohols; aldehydes and ketones; phenols and quinons; the 
organic acids; phosphoric acid esters of carbohydrate metabolism; lipoids; 
fats and waxes; polyhydric (sugar) alcohols; simple carbohydrates (mono- 
and disaccharides); characteristics, determination and preparation of the 
individual sugars; and polysaccharides (inulin, glycogen, starch). The 
index of the volume occupies 85 pages (889-973). 
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It is a very valuable handbook, and will prove useful in the selection of 
methods to be used in physiological problems, the solution of which re¬ 
quires the analysis of plant tissues. The price quoted by the publisher for 
this paper bound volume is RM 96; with cloth binding, RM 99. Orders 
should be sent to Julius Springer, Vienna I, Schottengasse 4. 

Oils and Fats.—During the last two years a second edition of Ubbel- 
ohde’s Handbuch der Chemie und Technologie der Ole und Fette has been 
in process of publication. The editor of this important work is Hans 
Heller, of Magdeburg. The first, third, and fourth volumes appeared 
ahead of volume II. The first part of volume II, a book of 824 pages, has 
now been published with the title Chemie und Technologie der pflanzlichen 
Ole and Fette. The work is organized on the basis of the kind of oils oc¬ 
curring in plants. The first section (pp. 1-164) surveys the strong drying 
oils; the second section (pp. 165-382), the weak drying oils; section three 
(pp. 383-532), the non-drying oils; and the final section (pp. 533-750), 
the solid fats. In addition there is a brief section on oil cakes, a supple¬ 
ment, and author and subject indexes. 

Within each of the main sections, the oils are arranged in the order 
of the plant families in which they occur, the system of Engler and Prantl 
being used. This makes it easy to refer to the oils occurring in any family 
of plants which may be under investigation. 

The work is a great storehouse of information, and will be useful to 
physiologists as well as technological workers with the oils and fats. Orders 
should be sent to S. Hirzel, Leipzig C 1. The price is quoted as RM 73 for 
brochure, and RM 79 for a cloth bound copy of this volume on the plant 
oils and fats. 

Soil Conditions and Plant Growth.—The sixth edition of Sir John 
Russell’s famous monograph has been published by Longmans, Green & 
Co. It has been thoroughly revised, only the introduction remaining prac¬ 
tically unchanged. The order of treatment follows that of the preceding 
edition, but several of the chapters have slightly changed titles. The book 
has increased to 636 pages. The fact that the first edition in 1912 was a 
modest volume of 168 pages shows how the subject has grown in 20 years. 
This book is the best work of its kind in the English language and has been 
deservedly popular since its first appearance. No one is more masterful 
in presenting the relations of soils to plant growth than the gifted author 
of this work. The price of the new volume is 21 shillings. 
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OCTOBER, 1932 

EFFECTS OF SULPHUR DEFICIENCY ON METABOLISM 

IN TOMATO 1 

G . T . Nightingale, L . G. Schermekhorn, a n-d 

W. R. Robbins 

(with one figure) 

Introduction 

In connection with studies of protein and carbohydrate metabolism 
( 26 , 27 , 28 , 29 ), and of ammonium and nitrate nutrition ( 42 ), investiga¬ 
tions have been made of effects of deficiency of various essential elements 
( 29 , 30 , 31 ). This paper records the results of a similar series of experi¬ 
ments on deficiency of sulphur. Most of the experiments were conducted 
with tomato, although apple, narcissus, and asparagus were also used. 
This work does not include a study nor a review of the significance of 
sulphur in soils. An extensive review of the literature on this subject is 
given by Joffe ( 18 ), together with the report of his own investigations. 
Later work on soil fertilization with sulphur-containing compounds is re¬ 
ported by Praps ( 15 ), who likewise reviews much of the literature. 

• 

Chemical methods 

Plant fractions. —The stem tip or upper 25 mm. of stem tissue was in 
some experiments removed and analyzed separately* The remainder of 
the stem was divided equally according to length into the two fractions 
which are termed lower stem and upper stem . The petiole fraction in¬ 
cludes all vein and petiole tissue to which the mesophyll of the blade is 
not directly attached; the smaller veins are included with the other tissues 

i This work is part of a joint project conducted by the departments of Horticultural 
Science and of Vegetable Gardening of the New Jersey Agricultural Experiment Station. 
Journal Series paper of the New Jersey Agricultural Experiment Station, Division of 
Horticulture. 

The Kjeldahl, mineral, and sulphur determinations were made in the laboratory 
of 0, S. Cathcart, for whose cooperation the writers wish to express their appreciation. 
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of the blades fraction, and have been estimated (29) to constitute about 35 
to 50 per cent, by volume of that fraction. The analytical sample termed 
roots consists principally of fibrous roots and does not include the small 
taproot or the region that is intermediate in structure between the root 
and the stem. 

The analytical plant fraction of paper-white narcissus which will be 
referred to as centers consists of the unexpanded floral organs and true 
leaves. Any top growth which was present is included with the centers 
for analysis and will be termed centers and tops. The storage scales, to¬ 
gether with the disk-like stem of the bulb, are designated storage tissue. 
The entire root system is included in the analytical fraction roots . Details 
concerning the technique employed in separating these bulb fractions are 
given in another report (28). 

Nitrogen fractions. —Fresh tissue only w r as employed for nitrogenous 
fractionation. The manner of extraction with water according to the 
method of Ciiibnall (5) has already been described (29). The term 
protein nitrogen is used to designate a group or groups of the more com¬ 
plex nitrogenous constituents, and includes both unextracted nitrogen and 
extracted coagulable nitrogen. The fraction termed by some investigators 
total water-soluble nitrogen is synonymous with total extracted nitrogen. 
In this publication no report is given of this fraction, as such a determina¬ 
tion is chiefly indicative of the degree of grinding of the plant tissue, and 
is of doubtful metabolic significance (28). Soluble nitrogen as used in this 
work refers only to that fraction of extracted nitrogen which has been 
freed of coagulable nitrogen after being boiled and dilute acetic acid 
added (5). 

Ammonia was estimated by the method of Van Slyke (43) on aliquots 
of the soluble-nitrogen fraction. 

Amide nitrogen w T as determined by the usual procedure on aliquots of 
soluble nitrogen. It should be mentioned that for the determination of 
amide nitrogen sulphuric acid has alw r ays been employed in these labora¬ 
tories, because with hydrochloric acid consistent results have not been 
obtained. Both Chibnall (6) and Vickery (44) have recently reported 
that in the presence of nitrates, hydrochloric acid may not be employed in 
the determination of amide nitrogen, but that sulphuric acid is satisfactory. 
The humin nitrogen formed was found to be negligible in amount and the 
filtrate was employed for the estimation of basic nitrogen by precipitation 
with phosphotungstic acid (29). 

Alpha amino nitrogen was estimated by the Van Slyke method on 
aliquots of the phosphotungstic acid filtrate (29). 

Nitrate nitrogen w^as determined according to the procedure of Sessions 
and Shive (37) on aliquots of ammonia-free soluble nitrogen. 
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Other nitrogen was calculated as the difference between soluble nitrogen 
and the sum of the soluble-nitrogen fractions. 

Sulphur fractions. —Preliminary trials showed only a slight loss of 
volatile sulphur from freshly minced stem and blades of tomato that were 
dried in a current of air at 80° C. The amount lost was too small for 
quantitative estimation by Peterson's method (32), whereas cabbage leaves 
subjected to the same treatment yielded a considerable quantity of volatile 
sulphur. Consequently the determination of total sulphur in tomato tis¬ 
sue was carried out according to Official Methods (2), with minced tissue 
that had been dried rapidly at 80° C. in a current of air and had then 
been ground as previously described (28). For estimation of sulphur 
fractions, fresh tissue only was employed, because trials showed that the 
method of drying just described caused a marked decrease in proteins and 
a corresponding increase in sulphate-free soluble sulphur. The percentage 
of sulphates was found to be the same in dried as in fresh tissue. How¬ 
ever, only in case of narcissus (tables X and XI) was dried material used 
for sulphate determinations. Aliquots of the protein or eoagulum-free 
extract obtained as described under nitrogen fractions were used and the 
Official (2) procedure followed for determination of sulphates 2 and total 
soluble sulphur. Protein sulphur was computed as the difference between 
total sulphur and soluble sulphur. 

Aliquots of the phosphotungstic acid precipitate obtained from the 
coagulum-free extract were analyzed for cystine according to the method of 
Plimmer (33), but the quantity of cystine was insufficient for macrochem¬ 
ical estimation even in large aliquots of tomato stem or blade tissue. The 
extract had previously been subjected only to the mild acid hydrolysis and 
sodium carbonate treatment of the amide determination. Analyses for 
cystine and cysteine were also made by the colorimetric method of Sullivan 
(38, 39, 40) ; pigments present in the tomato-plant tissue interfered with 
quantitative determinations, although the results clearly indicated that 
traces of cysteine and cystine were present in the protein-free extract of 
whole tomato stems. 

An attempt was made to adapt the colorimetric nitro-prusside reaction 
to a quantitative estimation of total S-H sulphur present in the protein- 
free extract of tomato-plant tissue; but the slight color which occurred was 
fleeting, and plant pigments interfered. 

Microchemical methods 

Microchemical tests were made on sections of plant tissue as recom- 

2 Any sulphites present are included in the sulphate determination. Nitrates at 
concentrations usually found in tomato were added to nitrate-free tomato stem extract. 
Recovery of sulphate was not apparently influenced by the added nitrate. 
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mended by Eckerson (14). Some of these tests for sulphur-containing 
compounds are given later. 

Sulphates. —One per cent, benzidine in 3" per cent, hydrochloric acid 
was employed in testing for sulphates. It was the only reaction that was 
found satisfactory or sufficiently sensitive for testing for sulphates in plant 
tissue. This test in the presence of sulphates gave glistening white scale¬ 
like crystals of benzidine sulphate. Other reactions ( 4 ) were found more 
or less satisfactory in testing for sulphates in drops of expressed juice. 

Sulphites. —Extensive trials of many different reagents resulted in 
only one satisfactory method for testing for sulphites in plant tissue. To 
thin sections} of plant tissue was added a drop or two of 10 per cent, 
sodium tetrathionate, followed in a few minutes by a drop of 10 per cent, 
barium chloride. Any sulphites present even in extreme dilution reacted 
at once to form barium thiosulphate crystals, which look much like starch 
grains but have a higher refractive index. The crystals often appear in' 
pairs like two mushrooms, with a heavy black border, which is caused by 
light refraction. This test for sulphites is based upon the fact that salts 
of polythionic acid react with sulphites to form thiosulphates (34), which 
in turn react with barium chloride to form characteristic barium thiosul¬ 
phate crystals. 

Glutathione, cysteine.— The nitro-prusside reaction as employed by 
Kozlowski (19) and White (48) was used as a test for total S-H or re¬ 
duced sulphur. It is not, however, specific for either glutathione (38, 39, 
40) or cysteine, although it has frequently been used by investigators as an 
index of the glutathione content of plants. Many studies arbitrarily re¬ 
ported as on glutathione are more strictly speaking investigations of the 
S-H sulphur content of plants. The colorimetric method of Sullivan 
(38, 39, 40) was used in making qualitative tests for cysteine on sections of 
plant tissue, on expressed juice, and on aliquots of protein-free extract of 
plant tissue. 

Cystine.— Microchemically cystine was easily identified by its charac¬ 
teristic crystal form, comparative insolubility in water, high refractive 
index, and chemical reactions. 

Experimental methods 

Tomato plants (Lyeopersicon esculentum Mill.) of the variety Marglobe 
were grown in sifted loam soil in individual 4-inch pots. On May 12, 1931, 
at the time of commencing experimental treatments, there were available 
2500 plants. On that date, 1200 plants were selected for uniformity; the 
roots of each plant were washed free of soil and the two lower leaves were 
removed. Two hundred plants were used for initial analysis and 1000 
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plants were transplanted for experimental treatments to washed quartz 
sand in new 10-inch clay pots, one or two plants to a pot. The pots were 
set in shallow enamelware pans. For the period of these experiments no 
difference in growth was observable between plants that were grown one 
and those grown two in a pot. 

Immediately after being transplanted from soil to sand culture, all of 
the plants were subjected to nutrient treatments. 8 Some of them received 
the complete or plus-sulphur, others the minus-sulphur, and a third group 
the minus-nitrogen solution, as indicated in table I. Also from time to 
time some of the plants w T ere shifted from one nutrient treatment to an¬ 
other. Each pot received two liters of solution daily, and twice a week 
each culture was thoroughly flushed with distilled water, after which fresh 
nutrient solution was applied. 

Sufficient iron for subsequent growth was present in the initial plants 
or possibly as impurities in the salts employed. Likewise, perhaps for the 
same reason, it was not found necessary to apply boron or manganese; at 
least the complete-nutrient plants which were allowed to mature grew 
luxuriantly and produced a heavy crop of fruit. Further, no apparent 
effect was produced on the minus-sulphur or minus-nitrogen or complete- 
nutrient plants by the addition of boron or manganese at the rate of one 
quarter part per million of each. 

The plants were grown in a greenhouse at New Brunswick, during the 
spring and early summer of 1933, under conditions of temperature and 
humidity suitable for the commercial production of tomatoes. The plants 
were grown under the seasonal light conditions of the greenhouse, with the 
exception of some that were subjected to a period of continuous darkness 
at a practically constant temperature of 20° C. Each plant was kept 
pruned to a single stem, and blossoms w f ere hand-pollinated daily; but 
pollen from flowers of one lot of plants v r as not used for pollination of 
flowers of another group. Thirty or more plants of a series were harvested 
for analysis at 7 a. m. on the several dates indicated in the tables of 
analytical data. 

Results 

On May 12, at the time the respective nutrient treatments (table I) 
were started, the initial tomato plants were about 30 cm. in height, dark 

3 The rather low (29) concentration of nitrate in the nutrient solutions (table I) 
was purposely maintained in order that there might be no accumulation of nitrates in 
the tissues of plants which were active in amino acid synthesis. A relatively high per¬ 
centage of nitrate in a given lot of plants should then be of considerable interpretive 
value. If tomato plants receive a high external nitrate supply they become practically 
saturated with nitrate (29), even though they are rapidly synthesizing organic nitroge¬ 
nous compounds. 
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green and somewhat soft or succulent; cell walls of stem fibers were little 
thicker than walls of adjacent parenchymatous tissues; and xylem elements 
were still comparatively thin-walled. The plants were very low in sugars. 
The stems contained only 6.10 per cent, dry matter (table II) and were 
practically devoid of starch except in the endodermis; on the other hand, 
they were high in organic nitrogen, high in organic sulphur, and contained 
considerable sulphate and nitrate (tables II and III). Traces of sulphite 
were also present, particularly in the phloem region of the stem. 

TABLE I 

Partial volume molecular concentrations of salts used* 


, 

Solution 

k 3 so 4 

Ca(N0 3 ) 2 

Mg (H 4 P0 4 )« 

CaCl 2 

KCl 

Plus-S . 

0.0045 

0.0090 

0.0045 



Minus-S . 

; 

0.0090 

0.0045 


0.0045 

Minus-N 

0.0045 j 


0.0045 

0.0090 



* Each solution has a total osmotic concentration value of 1.25 atmospheres. 


Attention is also called to the fact that these very actively vegetative 
plants were high in sulphur. Tests of this protein-free aqueous extract 
showed that the extract contained only a trace of S-H sulphur (nitro-prus- 
side reaction) (18, 48). However, rather intense reactions for total S-H 
sulphur were obtained, but only in the cambium region and in other 
meristematic tissues, namely, stem and root tips. Sullivan's (38, 39, 40) 
reaction apparently indicated a faint trace of cysteine, likewise limited 
exclusively to meristematic tissue and not sufficient in quantity to be de¬ 
tected in the extract from whole stems. In view of the fact that according 
to the nitro-prusside reaction there was apparently much more total reduced 
sulphur than could be accounted for by the presence of cysteine (Sullivan's 
method), it would seem not improbable that glutathione was mainly respon¬ 
sible for the positive S-H reaction of active tissues of the plant. 

Under the microscope there was observed an occasional naturally occur¬ 
ring crystal of cystine in the comparatively alkaline tissue of the phloem 
(9). The protein-free aqueous extract did not contain a measurable 
quantity of cystine, as none could be detected by the method of Sullivan 
or by the procedure of Plimmer (33). 

Plants which received complete nutrient solution 

During the period of these experiments (May 12-July 8), the plus- 
sulphur or complete-nutrient plants (fig. 1) were moderately vegetative. 
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TABLE III 

CONTINUOUSLY PLUS-SULPHITE AND CONTINUOUSLY MINUS-SULPHUR TOMATO PLANTS 
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The initial plants contained practically no starch, and it was not until 
June 9 that there began to occur considerable starch storage. At about 
that time many fruits were set. Although the plants were not extremely 
active nor soft, they were nevertheless dark green and did not lose any of 
their lower leaves during the period of the experiments. The rate of 
growth, however, was much slower than that of less fruitful plants that 



Fig. 1. Tomato plants, June 23, 1931: from left to right, plus-sulphur and minus- 
sulphur. Compare relative diameter of stems of the two plants. Note that sulphur- 
deficient plant is so stiff and woody that no stake is required to support it; that it is 
lighter in color; and that a single fruit has developed whereas fruits have not yet set 
on the plus-sulphur plant. 

received a complete nutrient solution with three times the concentration 
of nitrates. 

On July 8, stems of the fruitful, moderately vegetative plants that 
were supplied with the complete nutrient solution (table I) contained the 
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following percentage of carbohydrates on a dry weight basis: reducing 
sugars 4.20, sucrose 4.35, and starch and dextrin 12.17. The moderately 
low concentration of nitrogenous constituents is indicated in tables II 
and III. 

The percentage of organic sulphur and sulphates was about half that 
found in the initial plants. Further, most of the sulphate-free sulphur was 
in the form of protein (tables II and III). Microchemical tests also in¬ 
dicated that there was much less S-H sulphur than in the initial plants. 
Strong, positive reactions for reduced sulphur, however, were obtained in 
the vicinity of stem and root tips and in the cambium region, especially of 
the upper half of the stem. 

Sulphur-deficient plants 

Symptoms of sulphur deficiency developed very gradually, but by June 
9 the upper half of the stem of the minus-sulphur plants was very small in 
diameter and produced no axillary shoots. The total stem length, how¬ 
ever, was equal to or greater 4 than that of the plants supplied with the 
complete nutrient solution (fig. 1). The lower leaves especially, and by 
July 8 even the upper leaves, were yellowish green with purple veins. 
The newly formed leaflets were of small area and were spaced far apart on 
the rachis. Stems were stiff and woody, and the few fruits formed were 
set and matured early (fig. 1). The minus-sulphur plants looked as if 
they had been gradually but not completely limited as to their nitrogen 
supply. This appearance was borne out by the root systems, which had 
the general character of those usually produced by low-nitrogen plants 
(20, 26, 29). The roots were somewhat extensive, but of small diameter 
because there was practically no cambium nor secondary thickening. Cells 
did not show any deformity nor injury, however, as in calcium deficiency 

(31). 

Macrochemical analyses for essential mineral elements showed that 
sulphur deficiency did not materially affect the concentration of most of 
the mineral elements. The concentration of calcium was somewhat high, 
however, caused apparently by heavy deposits of calcium oxalate, especially 
in the phloem. The phloem of the minus-sulphur plants w T as about pH 
5.6 as compared with 7.0 in the complete-nutrient series. Other mineral 
deficiencies have been shown (10, 30) to result in plant tissue of com¬ 
paratively low pH and high concentration of calcium oxalate. There was 
no accumulation of any other mineral element; in fact, computed on a dry- 

4 The limit of ability of the sulphur-deficient plants to continue stem elongation was 
not determined. A few specimens were retained until August 1, and even at that time 
stems were still increasing in length, although the last-formed 30 cm. of stem was not 
more than 2 mm. in diameter. 
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weight basis, analyses of July 8 show that the percentage of potassium in 
the stems of the plus-sulphur plants was 2.98 as compared with 1.99 in the 
sulphur-deficient series. The lower figure, however, represents a concen¬ 
tration of potassium that is more than adequate for good growth of tomato 
(30). The lower concentration is probably associated with the fact that 
the minus-sulphur plants had little meristematie tissue. Active tissue is 
notably high in potassium (30). 

When analyzed on July 8, the stems of the minus-sulphur plants con¬ 
tained the following percentage of carbohydrates computed on a dry weight 
basis: reducing sugars 6.32, sucrose 7.00, and starch and dextrin 14.79. 
The anatomical structure also corresponded closely to that of typical 
nitrogen-deficient high-carbohydrate plants (20, 30). The stems had no 
active cambium except in and near the stem tip; the walls of both internal 
and external fibers were extremely thick; and there was a very high pro¬ 
portion of thick-walled xylem and collenchyma tissue. 

Nitrates were not low’; in fact, when the last harvest was made (tables 
IT and IIT) the stems of the sulphur-deficient lot contained nearly six times 
the concentration of nitrate found in the complete-nutrient plants. Total 
organic nitrogen also was consistently a little higher in the minus-sulphur 
group; this was caused mainly by accumulation of basic, amino, and amide 
nitrogen. Ammonia also w r as high (tables II and III). The percentage 
of total organic sulphur was not materially different in the two groups of 
plants, but in the plus-sulphur series nearly all of it w^as protein; whereas 
in the plants lacking an external sulphate supply there w r as little protein 
sulphur but much soluble sulphate-free sulphur. This non-protein water- 
soluble organic sulphur gave negative tests for cysteine, cystine, and 
glutathione. Its form was not determined. The extremely small stem tip 
of the sulphur-deficient plants appeared, however, to give a very faint S-H 
reaction (nitro-prussidetest). 

The concentration of sulphur in different parts of the plant is indicated 
in tables IV and V. 

Sulphur-deficient plants shifted to plus-sulphur 

NUTRIENT TREATMENT 

A few seconds after sulphur-deficient plants were supplied with the 
complete nutrient solution, sulphates were observed adsorbed on the outer 
pectic layers of the root hairs, and almost immediately could be detected 
wdthin them. Five minutes later sulphates appeared in the fine roots, and 
after six hours large quantities of sulphate were found in the base of the 
stem and smaller quantities in the remainder of the stem and in the leaves. 

The appearance of sulphites in different parts of the plants was almost 
simultaneous with that of sulphates, although the maximum concentration 



Continually plus-sulphur and continually minus-sulphur tomato plants 
Sulphur fractions expressed as percentage of dry matter and dry matter expressed as percentage of green matter 

Plants harvested for analysis June 30, 1931 
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* Computed on ash-free basis. 

t Computed as percentage of air-dry weight of seeds. 

+ Minus-S plants did not contain sufficient sulphate to be detected by macrochemical analysis (2). 
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TABLE V 

Continually plus-sulphur and continually minus-sulphur tomato plants 
Sulphur fractions expressed as percentage of green matter 
Plants harvested for analysis June 30, 1931 



Treatment 

Material 

Total sulphate- 
free S 

Sulphate 

St 

Total S 


Plus-S 

Minus-8 

Plus-S 

Plus-S 

Minus-S 

Tip of stem 

0.018 

0.022 

0.015 

0.033 

0.022 

Upper stem 

0.026 

0.021 

0.022 

0.048 

0.021 

Lower stem 

0.024 

0.027 

0.020 

0.044 

0.027 

Fibrous roots* 

0.029 

0.024 

0.041 

0.070 

0.024 

Upper petioles 

0.026 

0.002 

0.034 

0.060 

0.002 

Lower petioles 

0.021 

0.012 

0.057 

0.078 

0.012 

Upper blades 

0.066 

0.026 

0.066 

0.193 

i 0.026 

Lower blades 

0.040 

0.038 

0.290 

0.330 

0.038 

Flesh of ripe fruit 

0.010 

0.006 

0.005 

0.015 

0.006 

Seed of ripe fruitt 

0.228 

0.141 

0.021 

0.249 

0.141 


* Computed on ash-free basis. 

t Computed as percentage of air-dry weight of seeds. 

t Minus-S plants did not contain sufficient sulphate to be detected by macrochemical 
analysis (2). 

of sulphite was not reached until about 24 hours following the shift to plus- 
sulphur treatment. 

Six hours after absorption of sulphate the roots gave faint but positive 
reactions for S-H sulphur; somewhat later much stronger S-H reactions 
occurred, particularly in the cambium and phloem regions and in all tissues 
of the tops that were not entirely mature. Some, but only a small part, 
of the reduced sulphur was cystein (Sullivan reaction) ; and therefore by 
inference (page 567) it may be suggested that most of the reduced sulphur 
was glutathione. 

Seventy-two hours after the shift to plus-sulphur treatment (June 23, 
tables VI and VII) there was found a decrease in nitrate and an increase in 
organic nitrogen. Accompanying the decrease in nitrate, strong reactions 
for nitrite were obtained in the then more alkaline phloem region of roots 
and tops. Tables VI and VII also show that following the shift to com¬ 
plete nutrient there occurred a marked and very rapid increase in per¬ 
centage of protein sulphur. Total organic sulphur showed no increase on 
a percentage basis. This is probably because the plants increased rapidly 
in volume immediately following the shift. On an absolute amount basis 
there was unquestionably an increase in total organic sulphur. 



578 


PLANT PHYSIOLOGY 


The response to an application of sulphates was extremely rapid. The 
plants had turned much darker green within twelve hours. Even the 
lower yellow leaves turned green during that time, and by the end of the 
second and third day there was a marked increase in diameter of newly 
formed stem and in area of newly developing leaves. 

TABLE VI 

Minus-sulphur tomato plants shifted to plus-sitlphur treatment 
Sulphur and nitrogen fractions of whole stems expressed as percentage of dry 
matter and dry matter expressed as percentage of green matter 


Fractions determined 

Date and nutrient treatment 

June 19 

June 23 

June 30 

Minus-8 

Minus-S 

TO 

PLUR-S* 

Minus-8 

to 

PLUS-S* 

Total sulphate-free S 

0.138 

0.093 

0.121 

Protein 8 

0.022 

0.052 

0.097 

Sulphate-free soluble S 

0.11G 

0.041 

0.024 

Sulphate S 

Trace 

0.017 

0.025 

Total S 

0.138 

0.110 

0.146 

Total nitrate-free N 

1.255 

2.253 

1.066 

Protein N 

0.709 

1.667 

0.617 

Nitrate-free soluble N 

0.546 

0.586 

0.449 

Basic N 

0.080 

o.m 

0.097 

Amino N 

0.200 

0.273 

0.200 

Amide N 

0.127 

0.330 

0.082 

Ammonia N 

0.100 

0.082 

0.033 

Other N 

0.039 

-0.010 

0.037 

Nitrate N 

0.183 

0.077 

Trace 

Total N 

1.438 

2.330 

3.066 

Dry matter 

17.400 

16.900 

15.520 


* After June 19, some of the minus-S plants were subjected to plus-S treatment. 


Treatment in darkness 

The plants which received the nutrient solution lacking nitrogen 
(minus-nitrogen plus-sulphur) were typical yellow, stunted, woody plants, 
very low in nitrogen and high in carbohydrates. After twelve days of 
continuous darkness there was as usual (26, 29) a marked drop in carbo¬ 
hydrates, a decrease in protein and a corresponding increase in amino and 
amide nitrogen (tables VIII and IX). Total nitrogen decreased in percent¬ 
age because the plants increased greatly in volume and green weight, 
although there was no external nitrogen supply. The stems showed an 



NIGHTINGALE ET AL. : SULPHUR DEFICIENCY IN TOMATO 


579 


increase in length of 15 to 20 cm., and many new leaves expanded during 
the interval of twelve days without light. The temperature was about 
20° C. In the nitrogen-deficient plants during the darkness period, 
catabolism seems also to have been the predominant phase, not only of 
nitrogen but also of sulphur metabolism (tables VIII and IX). 

It may further be noted that the minus-nitrogen plants did not 
accumulate large quantities of sulphate, even though before the shift to 

TABLE VII 

Minus-sulphur tomato plants shifted to plus-sulphur treatment 
Sulphur and nitrogen fractions of whole stems expressed as percentage 

OF GREEN MATTER 


Fractions determined 

Date and nutrient treatment 

June 19 

June 23 

June 30 

Minus-8 

Minus-S 

to 

plus-8* 

Minus-S 

TO 

plus-S* 

Total sulphate-free 8 

0.024 

0.016 

0.019 

Protein S 

0.004 

0.009 

0.015 

Sulphate-free soluble 8 

0.020 

0.007 

0.004 

Sulphate S 

Trace 

0.003 

0.004 

Total 8 

0.024 

0.019 

0.023 

Total nitrate-free N 

0.218 

0.381 

0.165 

Protein N 

0.123 

0.282 

0.096 

Nitrate-free soluble N 

0.095 

0.099 

0.069 

Basic N 

0.014 

0.019 

0.015 

Amino N 

0.035 

0.046 

0.031 

Amide N 

0.022 

0.022 

0.013 

Ammonia N * v , 

0.017 

0.014 

0.005 

Other N 

0.007 

-0.002 

0.005 

Nitrate N 

0.032 

0.013 

Trace 

Total N 

0.250 

0.394 

0.165 


* After June 19, part of the minus-8 plants were subjected to plus-S treatment. 


darkness the sulphate-free soluble sulphur fraction was high (tables VIII 
and IX) as compared with that of the complete-nutrient plants (tables II 
and III). This fraction appeared to contain a trace of S-H sulphur but no 
cystine. Following the period of darkness, newly developed tissue of the 
minus-nitrogen plants gave apparently more intense S-H reactions. 

The treatment in darkness of sulphur-deficient plants resulted in 
etiolation of newly expanded leaves but did not appear to affect in slightest 
degree the rate of stem elongation nor any other noticeable phase of growth 
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as compared with other minus-sulphur plants which were subjected to the 
seasonal light conditions of the greenhouse during the same period. 
Carbohydrates decreased materially in the minus-sulphur plants during the 
12-day period without light, and there was some indication of catabolism 
of nitrogenous materials (tables VIII and IX). The same tables of data, 
however, indicate no material change in percentage nor quality of sulphur 
fractions. 

TABLE VIII 

Minus-nitrogen and minus-sulphur tomato plants shifted from daylight 

TO CONTINUOUS DARKNESS 

Sulphur and nitrogen fractions of whole stems expressed as percentage of dry 

MATTER AND DRY MATTER EXPRESSED AS PERCENTAGE OF GREEN MATTER 


Nutrient treatment and date 



Minus-N (plus-S) 

Minus-S (plus-N0 8 ) 


June 6 

June 18 

June 19 

J uly 2 

Fractions determined 


Part of June 


Part of June 


Normal 

6 plants after 

Normal 

19 plants 


light 

12 DAYS’ 

light 

AFTER 1 2 DAYS ’ 



DARKNESS 


DARKNESS 

Total sulphate-free S 

0.154 

0.118 

0.138 

0.154 

Protein S 

0.117 

0.068 

0.022 

0.035 

Sulphate-free soluble S 

0.037 

0.050 

0.116 

0.119 

Sulphate S 

0.071 

0.138 

Trace 

Trace 

Total S . * 

0.225 

0.256 

0.138 

0.154 

Total nitrate-free N 

0.828 

0.853 

1.255 

1.683 

Protein N 

0.657 

0.531 

0.709 

0.820 

Nitrate-free soluble N 

0.171 

0.322 

0.546 

0.863 

Basic N 

0.053 

0.060 

0.080 

0.174 

Amino N 

0.082 

0.164 

0.200 

0.395 

Amide N 

0.029 

0.107 

0.127 

0.120 

Ammonia N 

None 

Trace 

0.100 

0.107 

Other N 

0.007 

-0.009 

0.039 

0.067 

Nitrate N 

None 

None 

0.183 

0.257 

Total N . . 

0.828 

0.853 

1.438 

1.940 

Dry matter 

15.550 

12.740 

17.400 

12.530 


Certain other experiments are considered in the discussion that follows. 
Results of cooperative studies with Dr. Eckerson on sulphate and nitrate 
reduction are also included. 

Discussion 

External responses. —It has been found (31) that if seedling tomato 
plants are transplanted to sand cultures deficient respectively in nitrogen 
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(20, 29), phosphorus (10), or potassium (30), the effects of nitrogen or 
phosphorus deficiency are evident in a comparatively short time, but con¬ 
spicuous symptoms of lack of potassium (30) are not usually apparent 
until much later. Although symptoms of lack of these respective elements 
may not occur simultaneously, the effects upon the general appearance of 
the plants are similar. The lower leaves and lower stem are yellowish green 
tinged with the purplish blue of anthocyanin pigments, and the uppermost 

TABLE IX 

Minus-NITROGEN and minus-sulpiiur tomato plants shifted from daylight 
to continuous darkness 

Sulphur and nitrogen fractions of whole stems expressed as percentage of 

green matter 


Nutrient treatment and date 


Fractions determined 

Minits-N (plus-8) 

Minus-S (plus-NO s ) 

June 6 

June 18 

June 19 

July 2 

Normal 

light 

Part of June 

G PLANTS AFTER 

12 days' 

DARKNESS 

Normal 

LTGHT 

Part of June 
19 PLANTS 
AFTER 1 2 DAYS 9 
DARKNESS 

Total sulphate-free 8 

0.024 

0.015 

0.024 

0.019 

Protein 8 

0.018 

0.009 

0.004 

0.004 

Sulphate-free soluble S 

0.006 

0.006 

0.020 

0.015 

Sulphate S 

0.011 

0.018 

Trace 

Trace 

Total S 

0.035 

0.033 

0.024 

0.019 

I 

Total nitrate-free N 

0.129 

0.109 

0.218 

0.211 

Protein N 

0.102 

! 0.068 

0.123 

0.103 

Nitrate-free soluble N 

0.027 

0.041 

0.095 

0.108 

Basic N 

0.008 

0.008 

0.014 

0.021 

Amino N 

0.013 

0.021 

0.035 

0.049 

Amide N 

0.005 

0.014 

0.022 

0.016 

Ammonia N 

None 

Trace 

0.017 

0.013 

Other N 

0.001 

-0.002 

0.007 

0.009 

Nitrate N 

None 

None 

0.032 

0.032 

Total N 

0.129 

0.109 

0.250 

0.243 


leaves and tip of the stem are rather dark green and may remain so for a 
considerable period. On the other hand, calcium-deficient tomato plants 
(31) are distinctive in appearance, in that the upper half of the plant is 
yellow rather than green, and the lower half instead of being yellowish is 
rather dark green. The lower leaves often remain green even after death 
of stem tips and complete loss of chlorophyll from the upper half of the 
plant. 
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TABLE X 

Paper-white Narcissus bulbs grown in sand culture prom November 36 

to December 33* 

Sulphur and nitrogen fractions expressed as percentage of dry matter and dry 
MATTER EXPRESSED AS PERCENTAGE OF GREEN MATTER 




Nutrient treatment and part 

OF PLANT 


Fractions 

Minus-N (plus-S) 

Complete (plus-N0 3 ) 

determined 







Centers 

Storage 

Roots 

Centers 

Storage 

Roots 



AND TOPS 

tissue 

and tops 

tissue 

Total sulphate-free 







S . 

0.150 

0.200 

0.280 

0.255 

0.220 

0.220 

Sulphate S . 

0.130 

0.130 

0.720 

0.075 

0.140 

0.780 

Total S 

Total nitrate-free 

0.280 

0.330 

1.000 

0.330 

0.360 

1.000 

N 

2.940 

1.330 

3.075 

3.340 

1.990 

4.925 

Nitrate N 

None 

None 

None 

None 

Trace 

0.845 

Dry matter 

11.300 

30.080 

6.030 

10.000 

27.270 

6.470 


* Results have been reported of analyses of these bulbs for carbohydrate and 
nitrogenous fractions (28). 


TABLE XI 

Paper-white Narcissus bulbs grown in sand culture from November 10 

to December 13 

Sulphur and nitrogen fractions expressed as percentage of green matter 




Nutrient treatment and part 

OF plant 


Fractions 

determined 

Minus-N (plus-S) 

Complete (plus-N0 3 ) 

Centers 
and tops 

Storage 

tissue 

Roots 

("enters 
and tops 

Storage 

tissue 

Roots 

Total sulphate-free 

S. 

0.017 

0.060 

0.017 

0.026 

0.060 

0.014 

Sulphate S . 

0.015 

0.039 

0.043 

0.007 

0.038 

0.050 

Total S . 

0.032 

0.099 

0.060 

0.033 

0.098 

0.065 

Total nitrate-free 
N . 

0.332 

0.400 

0.185 

0.334 

0.543 

0.319 

Nitrate N 

None 

None 

None 

None 

Trace 

0.055 


Sulphur-deficient tomato plants, however, are easily distinguished from 
those lacking calcium. In the sulphur-deficient plants of these experiments 
the stem tips of the former, although small in diameter, were not dead nor 
even injured, and the upper portion of the plant was darker green than the 
lower. In some respects these plants were similar to plants deficient re- 
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spectively in nitrogen, phosphorus, and potassium, in that the stems and 
petioles were stiff and woody, anthocyanin was conspicuously present, and 
the foliage was light yellowish green, particularly on the lower half of the 
plant. They exhibited an apparently distinctive and remarkable capacity 
for stem elongation (fig. 1). Many of the plants lacking sulphur had even 
longer stems and were taller than those which received the complete 
nutrient solution. Yet the stems were much more woody, and, as shown 
in figure 1, were of extremely small diameter. 

Low-nitrogen plants (9, 20, 29) never exhibit such a growth response 
unless they are subjected to some such treatment as darkness, shading (26, 
29), or heavy pruning (20) ; and apparently phosphorus- (10) or potas¬ 
sium-deficient tomato plants exhibit rapid stem elongation only following 
or accompanying carbohydrate depletion, which often occurs only shortly 
before death of the plant. 

Proteolysis.— The breaking down of proteins to simple water-soluble 
organic nitrogenous compounds as amino acids and asparagine, and the 
reutilization of these and similar compounds in the development of new 
tissues, is a process in plants that commonly follows or accompanies in¬ 
crease in moisture content and decrease in percentage of dry matter and 
stored carbohydrates (8, 26, 29). In seed germination there is available 
a conspicuous example of this process. There are present conditions of 
abundant moisture, and in the seed there occur continual decrease in stored 
carbohydrates or fat and rapid breaking down and utilization of storage 
proteins. 

Nitrogen-deficient tomato plants are high in carbohydrates and obviously 
low in total nitrogen (9, 20, 29). Further, much of the nitrogen consists 
of complex relatively immobile storage proteins (29). Breaking down of 
these proteins apparently does not occur except when preceded or accom¬ 
panied by loss of carbohydrates, as when the plants are placed in con¬ 
tinual darkness (29). There then occur rapid stem elongation, decrease in 
complex storage proteins, and increase in percentage of the simpler water- 
soluble forms of organic nitrogen. 

Tomato plants lacking an external potassium (30) or phosphate (10) 
supply are, except during the last stages of growth, high-carbohydrate 
plants; and there is little proteolysis or vegetative extension unless the 
plants are shaded, placed in darkness, or otherwise treated to decrease the 
carbohydrate reserves. However, shortly before death of potassium- or 
phosphate-deficient plants, there occurs a decided decrease in carbohydrates, 
accompanying which there is, apparently, considerable breaking down and 
utilization of protein and fairly rapid stem elongation. Death of the 
plant within a few days may be caused, due in part to deficiency of 
proteins of the right quality rather than to lack in total organic nitrogen 
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(10, 30, 31). Similar conditions may obtain in calcium-deficient plants, 
except that effects of lack of this element (30) are so sudden and drastic 
that even if carbohydrates are low, the period or extent of proteolytic 
activity is necessarily very limited. 

Sulphur-deficient plants were at all times very high in carbohydrates 
(page 575); yet the stems of these plants (fig. 1) increased in length, al¬ 
though not in diameter, fully as rapidly as the plants which received the 
complete nutrient solution. Analyses (tables II and III), however, show 
that as compared with the complete-nutrient plants, the minus-sulphur 
group contained on July 8 more than twice the concentration of soluble 
organic nitrogen and were especially high in amino acids, amide, and 
ammonia. Further, the organic sulphur in the complete-nutrient plants 
was nearly all in a complex protein form; whereas, in the minus-sulphur 
series, it was mainly water-soluble, protein-free organic sulphur, only a very 
small part of which was cysteine or glutathione. 

The initial tomato plants, which were strongly vegetative and actively 
growing, contained much soluble organic sulphur and gave a strong S-H 
reaction (page 570). This is in striking contrast to the quality of the 
soluble organic sulphur of the minus-sulphur plants, which included prac¬ 
tically no S-H sulphur. The low concentration of soluble organic sulphur 
in the only moderately vegetative plus-sulphur plants is not entirely with¬ 
out precedent. 5 Aitken (1) analyzed fresh blade tissue of five different 
grasses and states that the water-soluble “protein” fraction did not con¬ 
tain sulphur. It should be mentioned, though, that his method of harvest¬ 
ing for analysis resulted in an analytical sample of grass blades which ap¬ 
parently did not include active basal growing tissues. Likewise in apple 
(22, 36), in Fagus (7), and in Salix (36), limited data give some sugges¬ 
tion that sulphur in these plants may be in large part insoluble, especially 
in mature leaves and storage tissue. 

As usual, the plants which received sulphate but no nitrogen in the 
nutrient solution (minus-nitrogen plus-sulphur series) were very high in 
carbohydrates, and were making no measurable growth when exposed to 
seasonal light conditions of the greenhouse; but during the period of dark¬ 
ness accompanying decrease of carbohydrates, the stem increased in 
length by 15 to 20 cm., protein decreased, and the concentration of soluble 
organic nitrogen approximately doubled (tables VIII and IX). The 
changes in sulphur fractions are less, but indicate definitely a marked de- 

e Drying plant tissue may result in a marked increase in soluble organic sulphur 
and a corresponding decrease in protein sulphur. Various workers have used dried plant 
tissue in making analyses for these fractions, but the results would appear impossible of 
interpretation so far as protein and soluble organic sulphur are concerned. 
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crease in sulphur-containing proteins, (Stems only were analyzed; soluble 
organic sulphur formed proteolytically was presumably translocated to 
other organs.) 

In contrast it would seem that the sulphur-deficient tomato plants were 
very actively breaking down sulphur-containing proteins, even under con¬ 
ditions of extreme carbohydrate accumulation. The effects of treatment in 
darkness on the minus-sulphur plants are in complete harmony with these 
results. When minus-sulphur plants were placed in darkness, there was a 
marked drop in carbohydrates but no perceptible change in rate of stem 
elongation as compared with minus-sulphur plants continually in the light, 
and no material change in concentration or quality of sulphur fractions 
(tables VIII and IX). Expressed on a green-weight basis, it is seen that 
changes in nitrogenous fractions were also slight, although, owing to loss 
in dry matter, the percentage of nitrogen as well as of sulphur shows an 
increase. 

Proteolytic activity in plants (8, 26, 29) seems generally to be intimately 
associated with decrease in storage carbohydrates. Obviously, however, 
proteolysis in the sulphur-deficient tomato plants was not limited by the 
presence of a high concentration of carbohydrates. An explanation is not 
apparent, but it was this capacity on the part of the sulphur-deficient 
tomato plants which made possible extensive reutilization of organic 
sulphur. 

Whether or not sulphates may be formed proteolytically is uncertain, 
although there is some evidence to indicate that this may occur (page 591). 

Composition in relation to anatomy. —Tomato plants have previously 
been grown in a deficiency of nitrogen (20, 29), phosphorus (10), potas¬ 
sium (30), and calcium (31). At various stages of growth, and under 
different conditions of environment and nutrition, the concentration of 
carbohydrates has been found to vary widely. Accumulation of carbohy¬ 
drates, whatever the cause, has been found to be associated with thick cell 
walls in xylem, phloem region, and cortex; whereas a low concentration of 
carbohydrates has been found to be associated with comparatively thin walls 
in these tissues. Similar conditions have been reported by Welton (47) 
for oats and wheat. Tomato plants grown in a deficiency of sulphur are 
no exception to this generalization. The minus-sulphur plants of the pres¬ 
ent experiments were very high in carbohydrates; even the pith cells of 
the stem tip were thick-walled, although not so thick as the conductive ele¬ 
ments of the xylem, fibers of the phloem region, and collenchyma of the 
cortex. It would seem that the thickness of cell walls is intimately asso¬ 
ciated with the supply of available carbohydrates, and only indirectly (with 
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the possible exception of calcium 8 ) with the supply of various essential 
elements obtained from the soil. 

On the other hand, the characteristics of the protoplast appear to be 
rather definitely modified by nutrient treatment. Plants low in nitrogen, 
but with opportunity for abundant photosynthetic activity, have little 
meristematic tissue but are not injured. A tomato plant may, under ad¬ 
vantageous conditions, remain alive for at least two years without external 
application of nitrogen. The protoplasm, where present, gradually becomes 
less dense but is highly refractive and does not look opaque. Proteinaceous 
materials of the protoplasm may be extensively reutilized in the formation 
of new meristematic tissue; but this apparently occurs, as already men¬ 
tioned, only when accompanied by a decrease in carbohydrate reserve. 

This description applies equally well to minus-sulphur tomato plants, 
with the single exception that in sulphur deficiency, even though carbohy¬ 
drates are high, sulphur-containing nitrogenous constituents of the proto¬ 
plast are constantly being reutilized for the development of progressively 
smaller stem and root tips. In either nitrogen or sulphur deficiency, pro¬ 
teinaceous protoplasmic material is limited in amount, but there does not 
appear to be radical disintegration of the protoplast, as is found in phos¬ 
phorus (10) and calcium (31) deficiency, nor deposition of the abnormal 
granular proteinaceous particles frequently observed in plants lacking 
potassium (30), phosphorus (10), or calcium (31). 

It would seem from the results of these experiments with tomato, and 
from the work.of others (16, 17, 18, 46, 48), that cysteine and glutathione 
or similar compounds are essential constituents of actively dividing cells. 
At least, meristematic tissues were not observed that did not contain higher 
concentrations of S-H sulphur than adjacent mature cells. It should be 
emphasized, however, that many other materials are equally essential. In 
fact, as already mentioned, sulphur deficiency in tomato was less drastic 
in its effect than limitation of other essential elements. 

Nitrate assimilation and carbohydrate accumulation. —Some tomato 
plants were grown with no externa] supply of either sulphate or nitrate. 
They were shifted to a solution containing nitrate but no sulphate, and the 
plants absorbed nitrate instantly. This experiment demonstrates that for 
nitrate absorption the presence of sulphate in a solution is unnecessary. The 
plants lacking sulphate and nitrate in their nutrient solution soon became 

6 Calcium deficiency in algae has been said (35) to prevent the formation of the 
middle lamella. In tomato (31), however, lack of calcium did not prevent the early 
formation of the middle lamella for which calcium apparently may not be directly neces¬ 
sary. Calcium pectate at later stages may, however, be essential. Especially in the 
fibrous roots of tomato, there w r as found a secondary effect of calcium deficiency that 
resulted in dissolution of the middle lamella and separation of cells. 
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exhausted of the nitrate initially present in the plant. Sulphate, however, 
was retained as such, and, following complete assimilation of nitrate, did 
not materially decrease in concentration. As might be anticipated, it was 
found practically impossible to obtain plants simultaneously deficient in 
sulphate and nitrate. However, absorption of nitrates does not appear to 
have been a limiting factor in the minus-sulphur tomato plants of these 
experiments, as they were consistently much higher in nitrate than the 
plants which received the complete nutrient solution (tables II and III). 

Nitrates accumulated in the sulphur-deficient plants because the assimi¬ 
lation or synthesis of nitrates to amino acids and other organic nitrogenous 
compounds was greatly inhibited. Eckerson (13) found that the tomato 
plants lacking sulphur were low in reducase (nitrate reducing material); 
the reducase was maintained at low level, allowing continuous but slow 
reduction of nitrate. Also in a few hours following the shift from minus- 
to plus-sulphur nutrient solution, the plants gave strong reactions for 
nitrites; and eleven days after receiving sulphate there was a marked de¬ 
crease in carbohydrates. Carbohydrate accumulation is not unfavorable 
to nitrate reduction; in fact, typical low T -nitrogen plants are very high in 
carbohydrates, and especially high in reducase activity (9). Accumulation 
of carbohydrates was not caused by the fact that sugars could not be trans¬ 
located, nor accumulation of starch by the fact that digestion to sugars 
was seriously limited. When the plants were placed in darkness, starch was 
freely hydrolyzed to sugars. Starch and sugars w T ere also present in very 
large quantities in all parts of the plant, even in stem and root tips. Ob¬ 
viously, translocation of carbohydrates could not have been more complete. 

One of the principal uses of carbohydrates, however, is in protein syn¬ 
thesis. Carbohydrates and nitrates (tables II and III) undoubtedly ac¬ 
cumulated in the sulphur-deficient plants because there was little synthesis 
of amino acids or other proteinaceous materials. In this respect, the low- 
sulphur plants are similar to tomato plants lacking phosphates (10) or 
potassium (30), although the response differs in degree (13). 

Nitrate and sulphate assimilation. —The assimilation of nitrates in 
plants (9) involves reduction to nitrates and ammonia, following which 
there is oxidation of sugars and synthesis of amino acids. In the tomato 
this process appears to be carried on in the more alkaline phloem region 
of roots and tops. In certain other plants, such as apple (11), narcissus 
(28), and asparagus (26), the reduction of nitrates is restricted mainly 
to the fibrous roots; and under favorable conditions of growth, nitrates are 
seldom found in the tops of these plants because they are synthesized to 
amino acids and other organic nitrogenous compounds in the roots. 

An attempt was made to determine whether sulphate and nitrate assimi¬ 
lation were in any respect similar. Eckerson found that the minus-sulphur 
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tomato plants were very high in material that reduced sulphates to sul¬ 
phites. Likewise, when the minus-sulphur plants were shifted to plus- 
sulphur treatment, sulphites appeared in considerable quantity, especially 
in the phloem of the tops and to a less extent in similar tissue of the roots. 
Shortly following the appearance of sulphites, unusually strong reactions 
were obtained for S-H sulphur, including cysteine. Glutathione also was 
probably present. The S-H sulphur reactions were largely restricted, how¬ 
ever, to the phloem and cambium and to the meristematic tips of stem and 
roots, a condition that has frequently been observed by others (16, 17, 19, 
48). No cystine was observed. Undoubtedly there were present other un¬ 
identified compounds of soluble organic sulphur such as possibly methio¬ 
nine, a comparatively recently discovered sulphur-containing amino acid 
(3, 25). There was certainly much soluble organic sulphur in the minus- 
sulphur plants (tables IT and III), even more than before shifting to 
plus-sulphur treatment; but practically none of it was in the form of 
cysteine, glutathione, or cystine. 

In tomato, therefore, sulphate and nitrate reduction seem in certain 
respects to be similar, in that plants deficient in sulphur are most active 
in sulphate reduction, and plants deficient in nitrogen are especially active 
in nitrate reduction. The region of reduction in both cases is the phloem, 
and may take place in either roots or tops. 

It has been pointed out that in asparagus nitrate reduction takes place 
in the roots and that nitrates are not usually found in the succulent actively 
growing stems or spears. Some spears were analyzed and found to contain, 
on a green-weight basis, 0.036 per cent, sulphate sulphur and traces of 
sulphite. The spears contained no nitrates. Some potted asparagus plants 
were placed in a chamber in darkness at 10° C. As usual (27) this tem¬ 
perature prevented assimilation of nitrates and they appeared in the spears, 
but there was no increase in concentration of sulphates. A field-grown 
apple tree was examined and found to contain nitrates in the fibrous roots 
only, yet sulphates and sulphites were found in roots, twigs, petioles, and 
leaves. Likewise, Bckebson found that in sulphate reduction the tops of 
apple trees were even more active than the roots, although the reverse was 
true for nitrate reduction. A sample consisting of twigs and petioles was 
found to contain, on a green-weight basis, 0.018 per cent, sulphate sulphur, 
but no nitrates. It is apparent from tables X and XI that narcissus con¬ 
tains nitrate in the roots only, whereas sulphate is present in all parts of 
the plant. 

In these plants, therefore, sulphate assimilation does not appear to be 
restricted to the roots. Most of the assimilation of nitrates, however, takes 
place in the roots. 
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Growth of tomato as associated with concentration of nitrate and 
sulphate. —Tables IV and V show that the leaves, and fruits of the minus- 
sulphur plants were comparatively low in sulphate-free sulphur. This is 
not true of the stems and roots, however, especially on a percentage of 
green-weight basis. Likewise, the data of tables II and III show that the 
whole stems of minus-sulphur plants were, at all times during the experi¬ 
ment, practically as high in concentration of total organic sulphur as the 
plants which received and contained an abundance of sulphate. 

The sulphur-deficient plants certainly were not low in total soluble or¬ 
ganic sulphur (tables II and III) obtained apparently exclusively through 
the breaking down of proteins (page 583). However, in spite of the high 
concentration of total soluble organic sulphur, the plants contained prac¬ 
tically no cysteine or glutathione. If these or other essential sulphur-con¬ 
taining materials are formed chiefly through sulphate reduction and not 
proteolytically, it would seem to explain the apparent need for maintaining 
in the tomato plant, during its period of active growth, a somewhat high 
concentration of sulphate. 

Repeated experiments (20, 29, 30) involving nitrogen nutrition with 
nitrates as the sole source of nitrogen show that, for vigorous growth of 
tomato, there must be maintained in the plant a high concentration of 
nitrates. The concentration must be far in excess of that which will be 
assimilated or the plant does not grow vigorously. Nitrates in themselves, 
however, are not essential for growth; a vigorous nitrate-free tomato plant 
may easily be obtained by maintaining a lower percentage of ammonium 
(42). It may be that in nitrate or sulphate nutrition of tomato, a consid¬ 
erable quantity of the unelaborated ion must be present to furnish the plant 
at sufficient rate an adequate amount of certain intermediate products of 
protein synthesis. In this connection it may be pointed out that Hammett 
(17) has shown that low concentrations of S-H compounds in a nutrient 
solution greatly accelerated growth of roots of seedlings of Zea mays and 
Phaseolus vulgaris. It appears probable that in plant nutrition S-H sulphur 
bears a relationship to sulphate in some respects similar to that of am¬ 
monium to nitrate. 

There appears to be no information available as to the possible physio¬ 
logical value of an abundance of sulphate 7 and nitrate in tomato. It is 
certain, however, that lack of sulphate and nitrate cannot be a limiting 
factor in the synthesis of organic compounds for which nitrogen and 
sulphur are necessary, so long as sulphate and nitrate are present in abun- 

t Sulphates do not appear to be held by proteins or other ampholytes of tomato as 
tenaciously as some other ions, as for example calcium (31), nitrate (42), or ammonium 
ions (42). Electrodialysis (23) of tomato stem tissue failed to remove more sulphate 
than the usual method (5) of aqueous extraction at approximately pH 5.6. 
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dance. The initial plants, which were high in sulphate and nitrate (tables 
II and III), gave exceptionally strong S-H reactions, contained .some cys¬ 
tine (page 570), and for complete-nutrient plants were comparatively high 
in sulphate-free soluble sulphur. There are, however, analyses (18, 32, 
41) tending to show that the sulphate content of plants may be low, espe¬ 
cially when the plants are nearly mature (41). Whether or not a strongly 
vegetative tomato plant might be obtained that was low in sulphate seems 
doubtful. It would have been worth while to have determined effects of 
giving tomato plants a nutrient solution containing no sulphate but instead 
a low concentration of S-H sulphur continually supplied. Chemicals in 
sufficient quantity for such nutrient treatment were not available, however. 
At least it is clear that the tomato plants of these experiments decreased 
greatly in vegetative activity before there was extreme depletion of sulphate 
(fig. 1, tables II and III). 

On the other hand, high-protein narcissus bulbs (28) containing no 
nitrates, and with no external source of nitrogen, may grow vigorously 
for months with a nitrogen supply obtained solely through the utilization 
of storage proteins. The dormant narcissus bulbs which were studied 
contained, however, considerable quantities of sulphate (tables X and XI). 

It was thought that seeds might be obtained which were free of sulphate 
and that with them a test might be made to see whether cysteine or other 
S-H compounds were formed proteolytically. Soy beans were employed, 
and, although the dormant seeds contained insufficient sulphate for a macro¬ 
determination „ (2), the benzidene reaction indicated traces of sulphate. 
There appeared to be practically no S-H sulphur in the dry seeds. Three 
hours after integuments had been broken and the seeds had been moistened 
with distilled water, there were noticeable quantities of sulphate and 
sulphite (benzidine and tetrathionate reactions respectively, page 568 ). 
Fairly strong reactions for S-H compounds were also obtained at that time, 
particularly in the region of the hypbcotyl and epicotyl. The germinating 
seeds were watched at frequent intervals for a period of five days, but there 
was no noticeable change in concentration of sulphite or S-H sulphur. But 
at the end of the five-day germination trial, the quantity of sulphate sulphur 
in the seeds was found by macro-analysis (2) to be 0.006 per cent. This 
percentage figure is based upon the original air-dry weight of the seeds. 

So far as the observations on reduced sulphur are concerned, these re¬ 
sults are in agreement with those of Vivario and Lecloux (45). The 
question as to whether S-H compounds were formed synthetically from 
sulphites or wholly or in part through proteolysis may not be answered at 
this time. Nitrates appear never (9, 26, 27, 28, 29) to be formed proteolyti¬ 
cally, yet phosphates and probably ammonium may be formed from the 
breaking down of phosphatides (10). The presence of sulphatides (21) 
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has not been demonstrated in plants. However, catabolic changes in or¬ 
ganic sulphur-containing compounds w r ould appear to be a possible expla¬ 
nation of the appearance of sulphates in the germinating seeds of soy beans. 

In this connection attention may be called to the fact that traces of 
sulphate (tables II and III) were present in the minus-sulphur tomato 
plants. Even as late as July 8, an occasional crystal of benzidene sulphate 
formed on addition of the benzidene reagent to sections of the stem tips 
of the sulphur-deficient plants. There was, how r ever, no sign of disorgani¬ 
zation of the protoplast. In low-phosphorus tomatoes, breaking down of 
phosphatides to phosphates is accompanied by definite injury to the cells, 
and death soon follows (10). 


Summary 

1. Symptoms of sulphur deficiency in tomato developed slowly in plants 
which lacked an external sulphate supply. The plants looked as though 
they had been gradually but not completely deprived of nitrogen. The 
low r er leaves were yellowish green, the stems were hard and woody, and the 
roots were extensive. Both roots and stems were of very small diameter. 

2. These characteristics may also be exhibited by tomato plants deficient 
respectively in nitrogen, phosphorus, or potassium. The sulphur-deficient 
tomato plants had, however, a remarkable capacity for stem elongation; 
and although the stems were woody and thin they increased in length, but 
not in diameter, as rapidly as the stems of the complete-nutrient plants. 

3. The sulphur-deficient tomato plants were extremely high in carbo¬ 
hydrates, and contained much more nitrate than the plants w’hich received 
the complete nutrient solution. 

4. Carbohydrates and nitrate accumulated in the minus-sulphate treated 
tomato plants because reduction of nitrates and oxidation of sugars was 
comparatively slow although not entirely inhibited. 

5. Digestion of starch and translocation of sugars took place freely in 
minus-sulphate tomato plants. 

6. Cell wall thickness in tomato plants seems to be more intimately asso¬ 
ciated with carbohydrate content than with any other single factor of nutri¬ 
tion. The high-carbohydrate, minus-sulphate tomato plants had very thick 
cell walls and a relatively high proportion of fibers and lignified tissue. 

7. Protoplasm of the sulphur-deficient tomato looked much like that of 
plants lacking nitrogen; that is, the protoplasm was limited in amount but 
not noticeably injured as in deficiency of phosphorus, calcium, or potas¬ 
sium. 

8. Cysteine specifically, probably glutathione, and possibly other S-H 
compounds were present in meristematic tissue and were especially high 
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when complete-nutrient tomato plants contained an abundance of sulphate 
and nitrate. 

9. Associated with low content of S-H sulphur in the minus-sulphate 
tomato plants there was practically no active cambium. Roots and stems 
were thus of small diameter, but they increased in length as a result of cell 
division in the apical meristems of stems and roots. The meristematic tis¬ 
sues contained faint traces of S-H compounds. 

10. Proteolysis is usually accompanied by decrease in reserve carbohy¬ 
drates. The minus-sulphate tomato plants were at all times extremely high 
in carbohydrates, yet complex proteins were rapidly broken down to soluble 
organic compounds of sulphur, to amino acids, to asparagine, and to am¬ 
monia. This proteolytic activity resulted, however, in little if any S-H 
sulphur. 

11. Although the tomato plants lacking an external sulphate supply 
were not very low in percentage of total organic sulphur, much of it was 
water-soluble; whereas the organic sulphur of the complete-nutrient tomato 
plants was mainly in a complex protein form. The soluble organic sulphur 
in the minus-sulphur plants contained practically no cysteine, glutathione, 
or cystine. The form of sulphur was not determined. 

12. Limited data give some evidence to indicate that sulphate and am¬ 
monium may be formed proteolytically. It is known that phospliatides 
break down in part to phosphates and probably ammonium. 

13. In tomato, sulphate is reduced to sulphite and apparently to S-H 
sulphur in the comparatively alkaline phloem region of roots and tops. 
This is also true of the reduction of nitrates to nitrites and ammonium. 

14. In apple, narcissus, and asparagus, the region of nitrate reduction 
is largely confined to the fibrous roots. Sulphate reduction in these plants 
takes place in the roots to some extent, but mainly in the tops. 

New Jersey Agricultural Experiment Station, 

New Brunswick, 

New Jersey. 
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INFLUENCE OF POTASSIUM NITRATE ON NODULE FORMATION 
AND NITROGEN FIXATION BY CLOVER 1 

E. W. Hopkins, P. W. Wilson, and W. H. Peterson 

Introduction 

The unique position which the Leguminosae occupy in the plant world 
has made them particularly inviting subjects for investigation. The spe¬ 
cialized structure arising from association with benevolent symbionts enables 
this group of plants to develop independently of the supply of nitrogen 
present in the soil. Not only do leguminous plants with associated bacteria 
require no added fixed nitrogen, but also the peculiar fact was long ago ob¬ 
served that nitrogenous compounds adversely affect this so-called symbiotic 
relation. Under these conditions there may be present large numbers of 
effective strains of the nodule bacteria, and yet the plant appears to resist 
their invasion or to make little use of its nodules. Thus it w r ould seem that 
if both sources of nitrogen are available the plant prefers to feed upon fixed 
nitrogen in the soil. This subject has been investigated repeatedly, and sev¬ 
eral hypotheses have been proposed to explain this peculiar condition. 
However, the investigations have considered chiefly the effect of nitrate 
treatment on nodule formation, since that is the form in which plants usually 
take up their nitrogen, and because of its wide occurrence in soil. A second 
important form of soil nitrogen, viz., ammonia, has been given far less at¬ 
tention ; while organic nitrogen sources have been almost entirely neglected. 

The major part of the work that has been done in this field has dealt 
with the effect of sources of nitrogen on the number of nodules. Inquiries 
that deal with the effect on the nitrogen fixation process are rare and often 
open to criticism. Thus the use of open pots for growing the plants is not 
satisfactory since growth of algae and other microorganisms would account 
for part of the nitrate that disappears. Obviously plants growm under bac- 
teriologieally controlled conditions are desirable if a satisfactory nitrogen 
balance is to be made. To grow plants free from contaminating organisms, 
it is necessary to adopt precautions that result in smaller plants than those 
grown in open pots. This leads to much smaller nitrogen uptake and the 
nitrogen balances are more likely to be affected by analytical errors. In 
spite of these objections it appeared desirable to investigate the forma¬ 
tion of nodules and nitrogen fixation with plants grown under controlled 
conditions. 

i Herman Frasch Foundation Research in Agricultural Chemistry, Paper no. 28. 
Contribution from the Departments of Agricultural Bacteriology and Agricultural Chem¬ 
istry, University of Wisconsin. 
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A second point that does not seem to have received sufficient considera¬ 
tion is the question whether the effects noted are due to the concentration 
of nitrogen at any one time, or to the total nitrogen added. It is possible 
that different results would be obtained if the nitrogen were added periodi¬ 
cally rather than at one time. 

Rautenberg and Kuhn ( 11 , 12 ) appear to have been the first to observe 
that vetch ( Vicia faba) formed no root nodules in solutions containing am¬ 
monia or nitrate nitrogen, while plants grown in nitrogen-free solutions 
possessed abundant nodules. De Vries ( 13 ) noted that red clover plants 
grown in nitrogen-rich solutions developed only a few nodules, as compared 
with plants without access to combined nitrogen. Frank (5) found that 
horse-manure extract prevented formation of nodules by peas grown in a 
soil which had been ignited. 


Historical review 

It is not possible to give here a detailed review of the numerous papers 
which discuss the effect of nitrate treatment on nodule formation. A sum¬ 
mary of these papers is given in the monograph by Fred, Baldwin, and 
McCoy (6). However, certain papers may be reviewed here, as they offer 
details not given in this monograph. Flamand ( 4 ) has made an extensive 
study of the concentrations of nitrate which inhibit nodule formation. 
Plants were grown in Sach’s solution with various nitrates added. With 
peas ( Pimm sativum ), KN0 3 , NaN0 3 , and NH 4 N0 3 were effective in dilu¬ 
tions of 1/10,000 in preventing nodule formation, while with Ca(N0 3 ) 2 a 
1/2000 dilution was required. Vetch ( Vicia narbonensis) exhibited no 
nodules in NaN0 3 1/2000; KNO a 1/10,000; Ca(NO a ) 2 less than 1/10,000; 
and NH 4 N0 3 1/20,000. Horse bean ( Faba equina) was somewhat less sen¬ 
sitive to some nitrates and more sensitive to others; KNO s 1/10,000; Ca- 
(N0 8 ) 2 1/20,000; NaN0 3 1/2000. (NHJ-jiSC^ inhibited nodule formation 
on Visum sativum and Faba equina at a dilution of 1/10,000 and on Vica 
narbonensis at 1/20,000. 

Wilson ( 14 ) has studied the effect upon soybeans of many alkali and 
metal nitrates. An amount of these nitrates which had been found to have 
no injurious effect on the plant was added to 208 gm. of soil. The nitrates 
used were as follows: Ca(N0 3 ) 2 , KNO a , NH 4 N0 3 , Mg(N0 3 ) 2 , NaN0 3 , Al- 
(N0 8 ) s , Ba(N0 3 ) 2 , Fe(NO a ) 3 , Pb(NO, 3 ) 2 , Ce(N0 3 ) 4 , Sr(N0 3 ) 2 , LiN0 3 , 
U0 2 (N0 8 ) 2 , 0.1 gm. added per 208 gm. of soil; Cd(N0 8 ) 2 , Ni(N0 3 ) 2 , 0.02 
gm. per 208 gm. of soil; and Zn(N0 8 ) 2 and HNO s , 0.05 gm. per 208 gm. 
of soil. A1(N0 3 ) 3 and HNO s had no effect upon the number of nodules, 
but all other nitrates exerted a marked depressing result. Of the ammonium 
salts tested, the carbonate was without effect, the phosphate and aluminum 
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ammonium sulphate were stimulating, while all others markedly decreased 
nodule production on soybeans. 

Albrecht ( 1 ) found that the application of NaN0 3 corresponding to 
10, 50 and 150 lb. of nitrate per acre did not appreciably decrease nodule 
formation by cowpeas, and that soybeans were not affected by amounts less 
than 150 lb. per acre. 

GiObel (8) has considered in some detail the effect of NaN0 3 upon soy¬ 
beans and alfalfa. It was found that the gradual addition of the equivalent 
of 500 to 2600 lb. per acre of NaN0 3 to pot cultures of alfalfa was with¬ 
out result on nodule formation. When, however, the nitrate was all added 
at the beginning, 1200 to 1600 lb. per acre decreased the number of nodules 
to one fourth of normal. Amounts up to 1000 lb. of NaN0 3 'were not 
effective. In another experiment soybeans were allowed to form nodules, 
and then KaN0 3 equivalent to 100 to 2100 lb. per acre was added 
gradually. The number of nodules was not consistently depressed, al¬ 
though the series containing about 300 lb. of NaN0 3 showed a decrease in 
weight of nodules. When the nitrate was added at the start, both the 
numbers and weights of nodules were decreased if more than 200 lb. of 
NaN0 3 per acre were applied. NH 4 NO a was found to be twice as active as 
NaN0 3 in its effect upon the number of nodules. Generally, 100 to 200 
lb. per acre of NaN0 3 greatly benefited the plant and stimulated nodule 
formation. Giobel made nitrogen balances to determine whether nitrogen 
was fixed in the presence of the nitrate. He calculated the nitrogen fixed, 
by the difference between the nitrogen content of the tops of inoculated and 
uninoculated plants. Although the data show some fixation even when there 
was an excess of nitrogen added to the soil, Giobel evidently did not con¬ 
sider this as significant, since he concludes: ‘‘Absorption of nitrates and 
fixation of atmospheric nitrogen by inoculated cultures took place simul¬ 
taneously when the plants did not receive their full need of nitrogen from 
the soil. When this was the case, however, scarcely any fixation of nitrogen 
took place. In general the absorption of nitrates resulted in correspond¬ 
ingly smaller amounts of nitrogen being fixed. In other words the process 
of nitrate absorption dominated the process of nitrogen fixation. ” 
Giobel 's conclusions are probably sound, but the data offered are not 
without serious objections. In the first place he used an indirect method 
for estimation of nitrogen fixed, and in the second place, as he says, not 
all of the nitrate nitrogen that disappeared in his cultures could be ac¬ 
counted for in the nitrogen in the tops. This difference was ascribed to 
nitrate used for root development and microbial assimilation. In one 
experiment he added the nitrate in one-fifth portions at intervals dis¬ 
tributed over the growth period and compared the results with those 
obtained with cultures in which all of the nitrate was added at the start. 
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He states that no differences could be observed in nodule counts or dry 
weight of plants because of this difference in treatment. 

Ohkawaba (10) grew lupine and serradella in small pots of sand. 
Different solutions containing 0.005, 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, and 1 per 
cent, of nitrate were added in the proportion of 80 cc. of solution to 400 
gm. of sand. The 0.2 and 0.5 per cent. KNO s solution and 0.5 per cent. 
NaN0 3 solution prevented the formation of nodules on the plants. 0.2 and 
0.5 per cent. Ca(N0 3 ) 2 solution inhibited nodule production on serradella, 
and the 0.5 per cent, on the lupines. The solutions exhibited no effect or 
were slightly stimulating from 0.0 to 0.02 per cent., but all higher con¬ 
centrations exerted a depressing action on nodules. (NH 4 ) 2 S0 4 solutions 
in the same concentrations as the nitrates were also tested. The 0.05 per 
cent, solution decreased nodule formation, and the 0.1 per cent, solutions 
were found to be effective in preventing nodules. 

In summary, the quantities of alkaline earth nitrates and ammonium 
salts which are required to affect nodule formation may be briefly presented 
as follows. In water cultures, concentrations of 1/4000 to 1/200,000 of 
nitrate nitrogen have been reported to prevent nodules from forming. 
Ammonium salts have been found effective in concentrations of 1/2000 to 
1/100,000. For field experiments, 100 to 300 lb. of nitrate per acre depress 
or inhibit the formation of nodules, although some workers report that 1000 
lb. are necessary. Small amounts of nitrate, however, appear to favor 
plant growth, and sometimes to increase the number of nodules. 

Experimentation 

Methods 

The plant cultures were put up under aseptic conditions, and attempts 
were made to maintain sterility throughout the growth period. The plant 
used was mammoth red clover, which was set out in cotton-plugged 32-oz. 
round bottles containing the modified Crone’s solution recommended by 
Bryan (2). In all cases, 0.8 per cent, agar had been added to the plant 
culture solutions. This concentration of agar gave a gel of proper rigidity, 
but which was still soft enough to offer very little resistance to the plant 
roots. The amount of nutrient agar used in each bottle was 200 cc. in 
experiment I, and 250 cc. in experiment II. 

The nitrate used throughout the work was KNO a . In some cases, vary¬ 
ing amounts of this compound were added to the agar before sterilization; 
in other cases a small amount of nitrate was introduced at the start, and 
additions were made at intervals. The cotton plug of each bottle was 
pierced with an 8-mm. cotton-plugged glass tube. The nitrate was added 
through this tube as a sterile solution with a sterile 1-ce. pipette. 
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The methods employed in sterilizing and planting the seeds have been 
described previously by Hopkins, Wilson, and Fred (9). 

For inoculation, a suspension of a pure culture of Bh. trifolii strain 
number 209 was used; this organism has been found to increase greatly the 
total nitrogen content of the host plant. During the period of growth in 
the greenhouse the plant cultures were covered with layers of absorbent 
cotton. These caps were sprayed with a 5 per cent, solution of sodium 
benzoate containing a bacteriostatic dye. This method of preventing con¬ 
tamination has since been replaced by the use of 10-oz. waxed drinking cups 
inverted over the tops of the bottles. 

The total nitrogen of the plants was determined by the Davisson-Parsons 
procedure (Fred and Waksman, 7 p. 68) which includes nitrate-nitrogen. 
The nitrate remaining in the agar was estimated by a modification of this 
method. The agar was melted and made up to 500 or 1000 cc. After cool¬ 
ing, 50 cc. of approximately normal potassium alum solution was added with 
agitation. By filtering, a solution practically free of agar was obtained. 
The nitrate in a suitable aliquot of this was determined by alkaline redue- 

N 

tion with Devarda alloy and distillation into—H 2 S0 4 . The filtrates of 

Zo 

several cultures in each series were tested qualitatively for the presence of 
NH, N and N0 2 N but none was found. 

Experiment I 

Series 1.—Potassium nitrate was added to the agar at the start in vary¬ 
ing amounts, 1, 2, and 4 mg. of NO a N per 200 cc. The same quantity of 
nitrate as originally introduced into the agar was added at intervals of 2 
weeks for a period of 10 weeks. Thus, one set of 5 bottles contained 1 mg. 
of NO a N and 5 additions of 1 mg. each were made; a second set contained 
2 mg. of NO a N and 2 mg. were added five times; a third set contained 4 
mg. of N0 3 N and 4 mg. were added five times. The inoculated controls 
received no nitrate. 

When harvested at the end of 4 months the plants of the three sets were 
very similar in size and color to the controls; all of the cultures were some¬ 
what pale. Distribution and number of nodules were determined on all of 
the plants; the results are given in table I. In the column headed No. of 
nodules is given the mean of each treatment with its standard deviation. 

Series 2.—4 mg. of NO a N were present in the agar at the start (except 
in the control), and nitrate was added at the rate of 1 mg. per week for 
varying lengths of time. In the first set, only one addition was made; in 
the second, two; and so on up to the last set which received nine additions 
of 1 mg. each. The control is the same as that used in series 1. The plants, 
which were 4 months old when harvested, resembled the controls; all 
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TABLE I 

Effect of addition of potassium nitrate periodically on number and distribution 

OF NODULES 


Total NO* N 

ADDED 

No. of 

SAMPLES 

No. OF 
NODULES 
PER 10 
PLANTS 

Differ¬ 

ence 

Probabil¬ 

ity* 

Size and distribu¬ 
tion OF NODULES 

Control 

8 

324 ± 16 



Principally on tap 
root, long type 

Experiment I, series 1 





0 mg. 

5 

92 ± 5 

32 

0.15 

Principally on tap 
root, both long 
and round 

12 mg. 

5 

72 ± 8 

52 j 

0.04 

Principally on sec¬ 
ondary roots, 

mostly round and 
scattered 

24 mg. . 

5 

62 ± 12 

62 

0.02 

Same as 12 mg. but 
smaller 

Experiment /, series 2 






5 mg. ... 

3 

106 ± 7 

18 

0.50 

Principally on sec¬ 
ondary roots, 
mostly long type 

6 mg. . .. 

4 

96 ± 20 

28 

0.25 

Same as 5 mg. 

7 mg. 

3 

66 ± 20 

58 

0.07 

Principally on sec¬ 
ondary roots, 
mostly round and 
scattered 

8 mg. . .. 

3 

61 + 9 

63 

0.05 

Same as 7 mg. 

9 mg. ... 

2 

77 ± 18 

47 

0.20 

Same as 7 mg. 

10 mg. .. 

3 

83 ± 11 

41 

0.20 

Same as 7 mg. 

11 mg. 

3 

70 ± 16 

54 

0.09 

Same as 7 mg. 

12 mg. .. 

2 

91 dt 9 

33 

0.35 

Same as 7 mg. 

13 mg. 

3 

93 ± 27 

31 

0.30 

Same as 7 mg. 


Series I. 1 mg. at start; 1, 2, and 4 mg. respectively added every 2 weeks for 
10 weeks. 

Series II. 4 mg. at start; 1 mg. added per week until designated quantity reached. 
* Probability that observed difference could have arisen from random sampling. 

attained a fair size but were pale green. The results for series 2 also are 
given in table I. 

Experiment II 

Series 1. — The nitrate was added in varying amounts, about 3, 5, 10, 
15, 20, and 40 mg. per bottle (250 cc.) at the start of the experiment, and 
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no further addition was made during the growth period. The plants were 
harvested after seven weeks and examined for size and distribution of 
nodules as in experiment I. In addition, nitrogen determinations were 
made so that a nitrogen balance could be determined. In appearance, the 
high nitrate cultures were somewhat paler than either the low nitrate or 
the controls. The remainder of the data for this series are given in 
tables II and IV. 

TABLE II 

Effect of addition of potassium nitrate at the start on number and distribution 

OF NODULES 


Total NO, N 
added 

No. OF 
SAMPLES 

No. OF 
nodules 

Differ¬ 

ence 

Probabil¬ 

ity 

Size of distribu¬ 
tion of nodules 

Control 

Experiment II, senes 1 

11 

73 ± 4 



Principally on tap 
root, mostly long 
type 

3.3 mg. 

4 

70 ± 11 

3 

0.75 

Principally on sec¬ 
ondary roots, 
round and scat¬ 
tered 

5.4 mg. 

3 

52 ± 10 

21 

0.04 

Both tap and sec¬ 
ondary 

Bound and scattered 

10.1 mg. 

3 

59 ± 10 

! « 

0.15 

Principally on tap 
roots 

Bound and scattered 

14.8 mg. 

3 

49 ± 10 

24 

0.02 

Same as 10.1 mg. but 
slightly smaller 

19.8 mg. 

3 

60 ± 9 

13 

j 

0.20 

Entirely on secon¬ 
dary roots, all 
round, small and 
scattered 

39.0 mg. . 

3 

36 ± 5 

| 37 

<0.01 j 

Same as 19.8 mg. 


Series 2. —Nitrate was added in the same amounts as in series 1 (3, 5, 
10, 15, 10, and 40 mg.) except that its addition was extended over a period 
of 5 weeks. Three mg. of N0 8 N were added at the start to all cultures ex¬ 
cept the controls. The remaining nitrogen was added at weekly intervals; 
e.g. 9 to the 5 mg. set, 0.4 mg. per week; to the 10 mg. set, 1.4 mg. per week, 
and so on. The same controls were used for series 1, 2, and 3. The plants re¬ 
ceiving nitrate were a paler green than the controls, the color and size of 
the plant tending to be adversely affected by the increase in nitrate. How¬ 
ever, the differences were not so marked that they require consideration 
in interpreting the results. The plants were harvested after 7 weeks. 
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The data on the nodules are given in table III and those on nitrogen fixa¬ 
tion in table IV. 


TABLE III 

Effect of addition of potassium nitrate periodically on number and distribution 

OF NODULES 


Total NO, N 

ADDED 

No. OF 
SAMPLES 

No. OF 
NODULES 

Differ¬ 

ence 

Probabil¬ 

ity 

Size of distribu¬ 
tion OF NODULES 

Control. .... 

11 

73 ± 4 



Principally on tap 
root, mostly long 
type 

Experiment II, series 2 X 
3.3 mg. . 

5 

54 ± 4 

19 

.01 

Principally on sec¬ 
ondary roots; both 
round and long, 
scattered 

5.4 mg. 

5 

48 ± 8 

25 

<.01 

Principally on sec¬ 
ondary roots; 
round and scat¬ 
tered 

10.1 mg. . . 

5 

43 ± 7 

30 

<.01 

Same as 5.4 mg. 

14.8 mg. . . 

5 

45 ± 8 

28 | 

<.01 

Same as 5.4 mg. but 
smaller 

19.8 mg. . . . % .. 

5 

22 ± 4 

51 

<.01 

Same as 5.4 mg. but 
a few long type 

39.0 mg. . . 

5 

27 ± 5 

46 

<.01 

Same as 5.4 mg. 

Experiment II, series 3- 
2.6 mg. 

5 

78 ± 12 

5 

0.60 

Principally on sec¬ 
ondary roots, 
both long and 
round, scattered 

4.2 mg. . 

5 

69 ± 12 

4 

0.70 

Same as 2.6 mg. 

7.4 mg. . 

5 

65 ± 18 

13 

0.50 

Principally on sec¬ 
ondary roots, 
mostly round and 
scattered 

12.2 mg. 

5 

54 ± 13 

24 

0.08 

Same as 7.4 mg. 

15.4 mg. 

5 

33 ± 3 

45 

<.01 

Same as 7.4 mg. 


1 Series 2. 3.3 mg. NO, N at start. Remainder added in aliquots, weekly, for five 

weeks. 

* Series 3. 2.6 mg. at start. Remainder added weekly at rate of 1.6 mg. per week. 
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Series 3. —It was intended that the additions of nitrate in this series 
should be in 2-mg. quantities as in series 1 and 2. However, on analysis 
of control cultures, i.e., unplanted but receiving the same addition of 
NO a N it was found that the solution added each week contained 1.6 mg. 
N0 3 N instead of 2.0 mg. For this reason the total quantities of N0 3 N 
added in this series are somewhat less than the corresponding ones in series 
1 and 2 of this experiment. In this series 2.6 mg. of NO s N were added 
to all the cultures at the start, then 1.6 mg. were added weekly until the 
following quantities were reached: 4.2, 7.4, 12.2, 15.4 mg. of NO s N. Thus 
only one addition was made to the 4.2 mg. set and eight additions were 
made to the 15.4 mg. set. At the time of harvesting (8 weeks) the plants 

TABLE IV 

Effect of addition of potassium nitrate upon nitrogen fixation 


NOj N 

ADDED 

No. of 

SAMPLES 

NO, N 
in agar 

AT END 

NO, N 

USED 

Nitrogen* 
in six 

PLANTS 

Nitrogen 

fixed 

Proba¬ 
bility t 


mg. 

mg. 

mg. 

mg. 

mg. 


Control 

11 

0.0 

0.0 

4.1 

4.06 ± 0.21 


Experiment II, 







series 1 







3.3 

4 

0.0 

3.3 

i 54 

2.08 ± 0.55 

0.04 

5.4 

3 

0.2 

5.2 

! 6.9 

1.70 ± 0.35 

0.04 

10.1 

3 

3.5 

6.6 

7.6 

1.00 ± 0.34 

0.10 

14.8 

3 

8.3 

6.5 

! 7.5 

1.00 ± 0.34 

0.10 

19.8 

3 

12.2 

7.6 

1 8.2 

0.6 ± 0.53 

0.35 

39.0 

3 

31.9 

7.1 

6.5 

-0.6 ± 0.60 

0.45 

Experiment II, 





1 

| 


series 2 







3.3 

5 

0.0 

3.3 

5.6 

2.28 ± 0.16 

<0.01 

5.4 

5 

0.1 

5.3 

6.1 

0.78 ± 0.25 

0.04 

10.1 . 

5 

3.5 

6.6 

7.5 : 

0.94 ± 0.52 

0.15 

14.8 

5 

9.1 

5.7 

6.8 

1.14 ± 0.51 

0.10 

19.8 . 

5 

13.8 

6.0 

6.2 

0.20 ±. 0.90 

0.80 

Experiment II, 







series 3 







2.6 .. . . 

5 

0.0 

2.6 

5.8 

3.20 dfc 0.26 

<0.01 

4.2 . . .. 

5 

0.0 

4.2 

6.5 

2.28 ± 0.28 

<0.01 

7.4 . . 

5 

0.4 

7.0 

8.0 

1.06 ± 0.35 

0.04 

12.2 . 

5 

4.2 

8.0 

7.7 

0.30 ± 0.20 

0.20 

15.4 . 

4 

9.2 

6.2 

7.1 

0.90 ± 0.25 

0.05 


* Corrected for uninoculated controls. 

t Probability that observed fixation could have resulted from random sampling. 



606 


PLANT PHYSIOLOGY 


receiving the higher quantities of nitrogen (12.2 and 15.4 mg.) were paler 
in color than the remaining sets. The data are given in tables III and IV. 

Discussion 

The data given in the tables are best suited for discussion as a whole 
rather than individually; for this reason interpretation of the results of 
the various experiments has been reserved for this section of the paper. 

Effect of added nitrate on number of nodules 

In experiment I (table I) the number of nodules on the control plants, 
i.e., those receiving no nitrate, was extremely variable; it will be noticed 
that the standard deviation of the mean is about 13 per cent, of the latter. 
Unpublished experiments in which we have made a study of the distribu¬ 
tion curve of nodule formation in agar under the same conditions as were 
used in these experiments have indicated that the standard deviation of 
the mean should be about 5 per cent, of the mean. Because of the high 
variance in this experiment, significant decrease in the number of nodules 
in those plants receiving nitrate is rather difficult to demonstrate. The 
observed differences were tested by the “Student” method as modified by 
Fisiier (3). Our experience has indicated that nodule formation satisfies 
the fundamental assumption of this method, viz., that the estimated stand¬ 
ard deviation is independent of the mean. The 4th column of the table 
gives the probability that the observed difference could have arisen from 
sampling. This probability is taken from a table which is entered by 
calculation of the statistic t : 



Where X x is mean of observations (X 3 ), X 2 is mean of n 2 observations 
(X 2 ); the table is entered at n = n 1 + n 2 - 2. A consideration of the formula 

shows that if the variance _. of the controls is extremely high 

L n i J 

this will lead to large values of s independent of the variance in the treated 
samples. * This large value of s will decrease the value of t which leads to 
a high probability that the difference arose from random sampling. For 
this reason it seems that any probability in this series of the order of 0.05 
very likely indicates a significant decrease in the number of nodules. In 
series 1 the, set in which 12 mg. were added at the rate of 2 mg. per week, 
and the set in which 24 mg. were added at the rate of 4 mg. per week, 
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clearly decreased the number of nodules. In series 2, many of the treated 
samples have a high variance combined with a small number of samples; 
this leads to erratic results. Those samples that received 8 mg. of NO s N 
showed significant decreases in the number of nodules but the others did 
not. 

In experiment II, the variance of the controls was much less and very 
similar to that found in previous experiments. On the other hand, the 
treated samples very often have extremely large values for the variance. 
This might be expected, since the effect of nitrate appears to be due to the 
disturbance of a delicate equilibrium of a nutritional character between 
plant and bacteria, and wide variations in results of the same treatment are 
not surprising. Thus in series 1 in which the nitrate is added at the start, 
it appears that the 5.4 mg., 14.8 mg., and 39.0 mg. sets show a decrease in 
the number of nodules whereas the 10.1 mg. and 19.8 mg. sets do not. On 
examination of the original .data for these two sets, it was observed that 
two of the three samples taken showed a significant decrease in the number 
of nodules formed but the third sample was not affected. This led to a 
large variance and consequently an apparent high probability that the 
observed difference arose from sampling. It is likely with larger num¬ 
bers of samples that this erratic response would be eliminated to a certain 
extent. In series 2 (table III) in which the nitrate was added over a 
period of 5 weeks, all the sets exhibited less variability in response to the 
treatment. In every case, even the 3.3 mg. treatment, there was a sig¬ 
nificant decrease in the number of nodules formed in the presence of the 
nitrate. In series 3, wide variation among the replicates in a given treat¬ 
ment was again noticed. For example, the number of nodules per six plants 
in this series were: 2.6 mg., 36, 101, 70, 101, 80; 4.2 mg., 116, 67, 49, 56, 
58; 7.4 mg., 131, 50, 48, 45, 52; 12.2 mg., 101, 40, 59, 34, 38; 15.4 mg., 40, 
35, 39, 28, 23. It will be noticed that in each set except the 15.4 mg., four 
of the five replicates checked very well in the response to nitrate addition 
but the 5th culture gave a large increase in the number of nodules which led 
to an increase in both mean and variance for the set. Consequently the 
effect on four of the cultures was obscured by the unusual behavior of a 
single culture. Calculation of the probabilities for this series, with the 
elimination of the erratic culture, gave: 2.6 mg., 0.09; 4.2 mg., 0.05; 7.4 mg., 
12.2 mg., and 15.4 mg., < 0.01. Therefore it appears that in four of the 
cultures in all sets receiving more than 2.6 mg. of NO s N, addition of the 
nitrate decreased the number of nodules; the remaining culture showed an 
unexplained stimulation in nodule formation. 

In general it seems that about 5 mg. of NO a N per 250 cc. is sufficient 
to cause a decrease in the nodule formation of clover plants grown in agar. 
There is also an indication that, as the quantity of NO a N is increased, 
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there is a decrease in number of nodules formed, but this decrease is too 
variable to be of a linear nature. As far as could be determined, it made 
little difference in the response of the plant whether the addition of the 
nitrate was made at the start or periodically. Series 2, experiment II, in- 
dicated that addition of the nitrate over a 5 weeks’ period was more effec¬ 
tive than the other treatments, but this is without doubt partially due to 
the smaller variability in the data for this series as compared with the 
others. Finally it is to be noted that in none of our treatments was nodule 
formation entirely suppressed. The highest concentration used (39 mg. 
per 250 cc.) corresponds to a concentration of about 1.6 parts per 10,000. 
This exceeds the concentration that has been reported by various authors 
as sufficient to prevent formation of nodules. It is very likely that the 
quantity of nitrate nitrogen necessary for complete suppression of nodules 
on leguminous plants is variable, dependent on the growth of the plant, 
which in turn is dependent largely on experimental conditions used. 

Effect of added nitrate on the size and distribution of the nodules 

The use of the number of nodules as a criterion for evidence of sup¬ 
pression of the activity of rhizobia in leguminous plants is not entirely 
satisfactory. It was shown in these experiments that the variability in 
the response of the plants as measured by the number of nodules often 
obscures the interpretation of a treatment. Because of erratic individuals 
in a set, differences that are significant are not always apparent when a 
statistical test is* used. Other workers encountering this have discarded the 
nodule count for other methods. Thus Giobel used both fresh and dry 
weight of nodules as a measure of the response of soybeans to the addition 
of nitrates. He found that in many cases no significant decrease in the 
numbers of nodules could be discerned but that the weight of nodules was 
inversely proportional to the quantity of nitrate nitrogen added. Further¬ 
more, there appeared to be a sharp correlation between mass of nodules and 
nitrogen fixed. While in our experiments it was not possible to weigh the 
nodules, observations on the size and distribution were made. As shown in 
tables I, II, and III, the effects of nitrate on size and distribution are ex¬ 
tremely consistent. The nodules on the controls were located principally 
on the tap root, often near the crown; the majority of them were of the 
long finger-like type. The addition of small amounts of NO* N altered 
this. More of the nodules were found on the secondary roots and the round 
type of nodule was in evidence. As the quantity of NO s N added was in¬ 
creased, the nodules were found almost exclusively on the secondary roots 
and became progressively smaller and more scattered. This effect on size 
and distribution of nodules appeared to be fairly independent of the 
method used for adding the nitrate. However, it does appear that about 
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3 mg. per 250 cc. at the start is necessary to cause the distribution to change 
from the tap root to the secondary roots, since in series 1, experiment I, 
many of the nodules in the 6-mg. set were of the long type and on the tap 
root. In this set there was only 1 mg. of NO s N at the start and 1 mg. was 
added weekly. In the other series at least 3 mg. were present at the start 
and in all cases both the 3- and 5-mg. set showed the nodules distributed 
principally on the secondary roots. From these data it is apparent that 
observation of the size and distribution of the nodule is a decidedly more 
consistent method of measuring the effect of nitrate on inoculated plants 
than is the counting method, even though the results can be expressed only 
in a qualitative manner. 

Effect of added nitrate on nitrogen fixation by the plants 

The nitrogen balance for experiment II is given in table IV. These data 
show that even the smallest quantity of NO a N added was effective in 
decreasing the amount of nitrogen fixed by the association of organism and 
plant. However, in the presence of nitrate the total quantity of nitrogen 
found in the plant was increased so that a slight fixation did occur. For 
example, fixation took place in the 5-mg. set in every series, although it 
appeared from the controls that about 4.0 mg. were sufficient to meet the 
needs of the plants grown under these conditions. This suggests that the 
presence of the nitrate stimulates the plant to a certain extent and a better 
growth results. It is probable that this stimulation is due to the beneficial 
effect on the plant of a source of nitrogen during the period of nitrogen 
starvation, i.e., before nitrogen fixation begins. Finally, it should be noted 
that in every case in which there is present an excess of nitrate there was 
no significant fixation. In the border line cases, viz., about 10 mg., there 
often appears to be a slight gain (order of 1 mg.), but when the errors 
attendant on the nitrate determination in the agar are taken into considera¬ 
tion, this fixation cannot be considered significant. The results for the 15.4- 
mg. set in series 3 appear to indicate a slight fixation in this set. This 
might have been because the small quantity added each week (1.6 mg.) was 
insufficient for the needs of the plant in the early stages. However, since 
no fixation was observed in the 12.2-mg. set in this series, it is more likely 
that apparent fixation was obtained because of errors in analysis of the 
nitrate left in the agar. 

From these data it is concluded that the addition of N0 3 N to inoculated 
plants does not prevent nodule formation by the bacteria but it does delay 
establishment of the bacteria in the host plant and modify their behavior 
toward the latter. Even the addition of quantities of NO s N that are much 
in excess of the requirements of the plants does not entirely prevent the 
formation of nodules; however, these nodules do not develop normally and 
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appear to act parasitically on the plant. A very delicate equilibrium must 
exist between the needs of the plants for nitrogen and the fixation process; 
in all cultures which were not supplied with sufficient nitrogen to meet the 
needs of the plant, fixation occurred, but as soon as an excess of nitrogen 
was added, the fixation process appeared to be entirely suppressed in spite 
of the fact that nodules were present. These effects were independent of 
whether the nitrate was added at the start or periodically to the plant cul¬ 
ture. In the latter case, the addition of N0 3 N at the rate of 2 mg. per 
week was evidently sufficient to keep a supply available to the plant, if this 
addition was continued throughout the growth period. 

Summary 

1. The addition of nitrate nitrogen to clover plants grown in agar gen¬ 
erally resulted in a decrease in the number of nodules formed when the con¬ 
centration exceeded 2 to 3 parts per 100,000. However, the response of the 
plant to nitrate addition was erratic, and significant decreases were not 
always noted. Whenever decreases were observed, the effect appeared to 
be independent of whether the nitrate was added at the start or periodically. 
However, the most consistent depression of nodule formation was noted in 
the series in which the nitrate was added over a period of 5 weeks. Com¬ 
plete prevention of nodule formation was not effected by even the highest 
concentration of N0 3 N used, viz., 1.6 parts per 10,000. 

2. The distribution and size of the nodules were markedly affected by 
all the concentrations used. Addition of even small quantities of nitrate 
brought about formation of scattered nodules, largely of the round type, 
on the secondary roots; whereas normally the nodules are mostly of the long 
type and are found on the tap root near the crown. The size of the nodules 
was decreased as the quantity of nitrate was increased. These results were 
independent of the method of adding the nitrate provided a certain mini¬ 
mum quantity of nitrogen was available at the start. 

3. All concentrations of nitrate nitrogen used markedly decreased the 
fixation of free nitrogen. If the quantities of NO a N added were insufficient 
for the needs of the plants, the deficit was made up by fixation of atmos¬ 
pheric nitrogen. However, as soon as an excess of nitrogen was provided, 
the fixation process appeared to be completely suppressed, even though 
nodules were present. 

University of Wisconsin, 

Madison, Wisconsin. 
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INFLUENCE OF SOME ENVIRONMENTAL CONDITIONS ON THE 
GROWTH OF EXCISED ROOT TIPS OF WHEAT 
SEEDLINGS IN LIQUID MEDIA 

Philip R. White 

(with four figures) 

Introduction 

The experiments reported in this paper are of a preliminary nature, 
dealing with what may reasonably be expected from solution cultures of 
excised roots of w T heat seedlings. In a certain sense (11) the culture of 
excised root tips may be considered as lying within the field of tissue cul¬ 
ture, a field that has received much attention at the hands of animal 
physiologists and one that clearly deserves much more attention among 
plant physiologists than it has received thus far. 

Materials and methods 

TJse of liquid media. The most satisfactory experiments on the culture 
of excised root tips thus far reported appear to be those of Robbins (4, 5) 
and Robbins and Maneval (6, 7), and the technique of the present study 
was largely based on the methods employed by these writers. Liquid 
media were used. Some authors, for example Dietrich (1), Kotte (2), 
and tJLEHLA (9), have regarded liquid media as unsuited to such experi¬ 
ments as those here considered; but it is obvious that the use of liquid 
media avoids many complexities that are inevitable when water-impregnated 
solid media are employed. It is surely desirable, in approaching any new 
line of experimentation, to begin with the simpler kinds of systems, and 
the solution-culture method is relatively simple, with regard to the prepara¬ 
tion of more or less known media as well as to the analytical interpretation 
of results. It is of course clear, although not always brought into biological 
discussion, that the indications of any experiment are directly applicable 
only to the set of conditions and circumstances under which the experiment 
was performed, and undue generalizations are to be avoided. The study 
here reported dealt only with the growth of these excised root tips in 
aqueous solutions. How similar root tips might behave in other media 
is of course a subject for direct experimentation. 

Wheat seedlings were chosen as the source of experimental material 
since the physiology of the wheat plant is of special interest because of its 
great agronomic importance in many parts of the world, because wheat 
has already been studied in many ways, and because wheat seedlings 
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present relatively few difficulties of manipulation in such experimentation 
as is dealt with here. 

The distilled water used in the nutrient solutions was finally prepared 
by triple distillation of spring water, first over alkaline potassium 
permanganate, then over barium hydroxide, and finally without any addi¬ 
tion. The whole process was carried out in “Pyrex chemically resistant” 
glass and the water was stored in containers of the same material. This 
gave a very uniform product, of very low electric conductivity (about 
3.4xlO -6 reciprocal ohms), and without any apparent toxicity. Even 
with very nearly this same low conductivity, toxicity was evident in many 
instances when water distilled in other ways was tried. 

The chemicals used were of high grade and no attempt was made to 
purify them or to take into account such traces of impurity as were 
present according to the makers’ labels. The culture vessels were 125—ml. 
Erlenmeyer flasks, of “Pyrex chemically resistant” glass. Each was sup¬ 
plied with 50 ml. of medium, with a single root tip. Flasks were used re¬ 
peatedly, always being cleaned by thorough rinsing, immersing in cleaning 
fluid (sulphuric acid and potassium bichromate), rinsing first in running 
hot water and then three times in ordinary distilled water and finally once 
in triple-distilled water, after which they were allowed to drain before 
charging. 

The root tips used were taken from seedlings produced under standard 
conditions. A lot of seed supplied by a commercial firm showed a high 
proportion of* defective seeds and much tardy germination, and most of 
this study was carried out with a supply of a “pure-line” Marquis 
wheat (C. I. no. 3641), kindly supplied by the United States Bureau of 
Plant Industry. The seeds used were selected by hand and eye with re¬ 
spect to size and general appearance, all that appeared unusual being 
discarded. These seeds were soaked in Wilson’s (12) calcium-hypochlorite 
sterilizing solution for 3-5 hours, in a bottle continually rotated at a speed 
of about 60 revolutions per minute. The treated seeds were thoroughly 
rinsed in heat-sterilized distilled water, after which they were distributed 
in heat-sterilized petri dishes (10 cm. in diameter), 12 seeds in each dish. 
On the bottom of each dish, beneath the seeds, were two sheets of filter 
paper (Whatman, no. 1) moistened with about 3 ml. of heat-sterilized 
distilled water. The seeds were evenly spaced on the paper circles in 
order to permit roots to develop without too many contacts. After the 
covers had been placed on them the dishes were set aside in a dark room 
with the temperature artificially maintained at about 25° C., and germina¬ 
tion was allowed to proceed for about four days, until the first roots had 
attained a length of about 2 cm. 
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Prom the supply of apparently normal roots thus obtained, terminal 
3-mm. tips were removed by means of a sharp scalpel, each tip being 
promptly introduced into its culture flask, which had previously been 
charged -with the requisite solution. The excised portion included all of 
the meristematic region (which is translucent in these roots) and also about 
1 mm. of the region of elongation (which is more opaque and more nearly 
white in appearance). These manipulations were performed with precau¬ 
tions designed to avoid the entrance of bacteria and fungus spores into the 
flasks. Serious troubles due to microorganisms were encountered in some 
instances, but obviously contaminated cultures were discarded. It was 
noted that tips might show injury, as if by traumatic shock, if the scalpel 
used had not been very sharp or if they had been handled carelessly. In¬ 
jured tips failed to elongate promptly, although in many instances they 
appeared to have recovered after a day or two and then began to lengthen. 

Excepting some cultures in very unfavorable media (such as distilled 
water), well prepared tips showed no initial retardation of elongation, and 
their length was about doubled in the first 24 hours after excision. In most 
of the solutions tested they maintained this growth rate for three or four 
days, after which the rate of elongation was apparently controlled by the 
nature of the surrounding solution. The initial period during which the 
characteristics of the medium generally failed to produce any notable effect 
on the rate of growth may perhaps represent the time required for the 
supply of some materials originally present in the tissues to become ex¬ 
hausted, but the delicate and difficult problem thus suggested was not 
attacked. 

The basic mineral-nutrient solution contained the following six inor¬ 
ganic salts, with the concentrations given (in milligrams per liter) : 
Ca(NO s ) 2 • 4H 2 .0, 144.0 mg.; MgS0 4 • 7H 2 0, 50.0 mg.; K 2 C0 3 , 34.8 mg.; 
KN0 3 , 25.0 mg.; KH 2 P0 4 , 25.0 mg.; Fe 2 (S0 4 ) 3 , 1.25 mg. This formula 
was used by Uspenski and Uspenskaja ( 10 ) in their studies on Volvox. 
It contains all of the ions that are generally essential, in considerable con¬ 
centrations, for plant growth. By means of preliminary tests it was chosen 
from among seven more or less different solutions used for plant cultures by 
various experimenters, mainly because it was found to maintain itself with¬ 
out opalescence or precipitation throughout a wide range of H-ion concen¬ 
tration (from pH 5.0 to pH 9.0), while the others all failed in this respect. 
That the basic solution should show no precipitation throughout such a 
range w T as essential in the present study because it was planned to devote 
some attention to the influence of H-ion concentration on root-tip growth 
and many pH values would need to be tested. The Uspenski solution is 
unusually dilute; its total salt concentration is less than one-seventh that 
of the Knop-Palladin solution ( 3 ) ; and it is only about one thirty-sixth as 
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concentrated as the Shive (8) 3-salt solution (R 5 C 2 , osmotic value of 1.75 
atm.). As the experimental results showed, the salts, salt proportions, and 
total concentration of the Uspenski solution proved to be very suitable for 
the cultures here considered. 

Dextrose and yeast extract were regularly added to the basic solution 
just described, since Robbins (5) had found them favorable to the growth 
of excised root tips. Dextrose was added in the proportion of 20 gm. per 
liter of solution and yeast extract in such amounts as to give a final con¬ 
centration of an extract of 100 mg. of yeast per liter. The extract was 
prepared by boiling 0.5 gm. of dried brewers’ yeast (obtained from Waller- 
stein, New York City) for half an hour in 100 ml. of distilled water. 
This was then filtered and allowed to cool, after which the filtrate was made 
up to the original volume. Twenty ml. of this extract added to a liter 
of the solution gave the required concentration. A fresh supply of yeast 
extract was prepared for each series of cultures. In all series the solutions 
were distributed immediately to their respective flasks, which were 
autoclaved for 20 minutes at a pressure of 1.25 atm. (20 lb. per sq. in.) 
and then set aside for 1-4 days before inoculation. 

The general experimental conditions and procedures for all cultures of 
a series were nearly uniform. Four hundred simultaneous cultures con¬ 
stituted each series. The 400 flasks stood in 40 rows of 10 each, on a long 
table along the wall of a well ventilated basement room with maintained 
temperature of about 25°. Continuous electric illumination was regularly 
supplied by means of Mazda nitrogen-filled “daylight” lamps. Except 
in the experiments on H-ion concentration as such, no attempt was made to 
control the acidity of the media, but in almost all series the pH value of 
each modification of the culture solution was recorded, using a Youden 
quinhydrone-electrode potentiometer. Within each series a number of 
different conditional complexes were tested and each test was regularly 
repeated at least once. Results were accepted as valid only when two or 
more tests were in good agreement. The experimental period was two 
w r eeks in length. Throughout this period the culture flasks were kept 
closed with cotton plugs. The solutions were not renewed. Measurements 
of root length (in millimeters) were made only at the end of the experi¬ 
mental period. At that time the root tips were removed from the cul¬ 
ture flasks and spread out under water to facilitate examination. For each 
culture the length of the main root, the length of all branch roots taken 
together, the number of branch roots, and the total length of main root and 
branch roots combined were recorded, together with notes on general ap¬ 
pearance. For each set of conditions the mean of the total-length values 
of all roots grown under that conditional complex is taken as a numerical 
index of growth. 
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Experimental results 

Water, mineral salts, dextrose, and yeast extract made up the full nutri¬ 
ent medium for these cultures, as has been said. With suitable temperature 
and illumination (see later) this gave a growth index of 121.1 mm. A 
representative root tip, grown 2 weeks in this medium at 25° and with 
artificial illumination, is shown at A in figure 1. Elongation and branch¬ 
ing continued throughout the period and the root tips appeared healthy 
and vigorous at the end. 
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Fig. 1. Representative root tips grown two weeks at 25° and with continuous 
electric light, approximately natural size: A, cultures in full nutrient medium (redis¬ 
tilled water to which salts, dextrose, and yeast extract had been added) ; B, cultures in 
similar medium but without yeast extract; C t cultures in medium same as for A but 
without the salts. The two small roots shown at the bottom, without significant growth, 
represent cultures with a simple dextrose solution (D) and with redistilled water to 
which only yeast extract had been added ( E ). 

An otherwise similar medium from which yeast extract had been omitted 
gave a corresponding growth index of only 72.0 mm. A representative 
root tip from this modified solution appears at B in figure 1. While growth 
here was somewhat marked and generally continued throughout the period, 
it was much less rapid than when salts, dextrose, and yeast extract were all 
supplied. Omission of yeast extract apparently reduced the growth index 
by about 40 per cent, in the 2-week experimental period; nevertheless the 
root tips appeared healthy at the end of the period. 

Omission of the mineral salts from the full nutrient medium gave a still 
smaller growth index, only 42.3 mm., and permitted little or no branching. 
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Of course the solution thus modified supplied both dextrose and yeast 
extract, and its osmotic value was closely similar to that of the regular 
medium. A representative root tip from this solution is shown at C in 
figure 1. Much of the growth occurred in the early part of the experi¬ 
mental period and elongation soon became very slow or ceased altogether. 
Variability in extent and manner of growth was greater with this medium 
than with either of the two media just referred to, and the appearance of 
the root tips at the end of the experiment suggested poor health. 

Distilled water with dextrose alone or with yeast extract alone gave only 
insignificant growth or none at all, and such slight elongation as did occur 
in these media was confined to the very early part of the experimental 
period. Nevertheless the root tips appeared to be still alive at the end 
of the period. The two small root tips (I) and E) at the bottom of figure 1 
are representative samples from these media. The difference in shape is 
not significant. The osmotic value of the simple solution of dextrose was 
of course nearly like that of the full nutrient medium, wiiile distilled 
water with yeast extract alone had a much lower osmotic value. 

Distilled water alone was apparently neither better nor worse for these 
root tips than was distilled water with addition of dextrose or of yeast 
extract. Some tests with tap water without any addition gave results 
like those obtained with distilled water either alone or w r ith addition of 
dextrose or yeast extract. 

It appears that neither dextrose alone nor yeast extract alone (with its 
uncertain but Surely small content of mineral salts and organic material) 
could supply the requirements for growth of these excised tips, even for 
a short time. Addition of dextrose or of yeast extract to distilled water 
did not overcome the inadequacy of the water, although the food value of 
dextrose cannot be questioned and although the dextrose solution had al¬ 
most the same osmotic value as the full nutrient medium, which gave pro¬ 
nounced growth. It may be supposed that dextrose not only supplied the 
carbohydrate needed for cell formation and extension but also furnished 
a requisite source of energy through respiration, and that inorganic nutri¬ 
tion was at first possible through salts originally present in the root tips. 
Some inorganic and also some organic material -was doubtless derived from 
the yeast extract. Apparently the internal mineral supply and the salts 
derived from yeast extract were not adequate to maintain growth beyond 
the first few days. That rather good growth was obtained when the salts 
of the Uspenski formula and dextrose were both externally supplied 
indicates, as might be expected, that these root tips required, for main¬ 
tained growth, a continuous external supply of both carbohydrate and 
salts. When both dextrose and salts were present in the medium, growth 
was greatly accelerated by yeast extract, presumably because of the pres- 
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ence of some very active material derived from yeast or made available 
through the action of something derived from yeast. 

That growth in the first two weeks of culture was nearly doubled when 
yeast extract was added to an already good solution is of special interest. 
It will be recalled that this effect was produced by extract from only 0.1 
gm. of dry yeast per liter of solution. Robbins (5) tested a similar yeast 
extract and concluded that it was not beneficial to the growth of his maize 
root tips in the first two weeks after excision. However, he observed a 
stimulative effect due to his yeast extract, but that effect was manifest only 
after about six weeks of culture. The experiments of Robbins are of 
course not directly comparable with those reported here, for he was study* 
ing maize and he employed much larger pieces of root (mostly 10-60 mm. 
long) than were used in the present study. 

Relations between growth and, H4on concentration of the medium 
received some attention. A series of cultures included sixteen different 
solutions, each represented by eight different initial pH values, as follows: 
5.0, 6.0, 6.4, 6.8, 7.2, 7.6, 8.0, and 9.0. Adjustments of H-ion concentration 
were made with 0.01 M HC1 or 0.2 M NaOH and pH values were measured 
with a potentiometer and Youden quinhydrone electrode, also being verified 
occasionally by use of the glass electrode. No attempt was made to buffer 
the solutions, since phosphate or borate buffers would have altered the con¬ 
centrations of the constituent inorganic ions while citrate, phthalate, or 
glycine buffers would not only have affected the ion concentrations but 
would also have added organic constituents which might have influenced 
growth. This consideration, which seems to have been largely ignored in 
many studies on H-ion concentration, requires attention because it is diffi¬ 
cult or impossible to distinguish between buffer action itself and other 
effects that might possibly be related to the buffer substances. 

There were three cultures for each initial pH value of each solution and, 
in addition, a single blank flask (without root tip) for each solution as it 
was before adjustment. All flasks and their contents were autoclaved 
initially, but no H-ion measurements w T ere made after autoclaving until the 
end of the culture period, after the root tips had been removed from the 
culture flasks. Consequently no information is available concerning the 
actual pH values when the roots were introduced into the solutions, and 
it is possible that hydrolysis, or other alteration of the solutions brought 
about by autoclaving, may have been somewhat different for originally 
different pH values of the same solution, and that pH values when the root 
tips were introduced may have been somewhat different from the corre¬ 
sponding values before autoclaving. 

In general there was much apparently irregular variability in this series 
and most of the results may be omitted here, but three solution types are 
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considered briefly. They are designated as A, B, and C. These differed 
only with respect to salt content and salt proportions. All three were alike 
in that they contained per liter 20 gm. of dextrose and the extract from 
0.1 gm. of yeast. 

Solution A was like the full nutrient medium except that KH 2 P0 4 (25 
mg. per liter) was replaced by KC1 (14 mg. per liter). The final pH values 
for the eight different initial H-ion concentrations of this solution were all 
nearly alike, and low (about 5.1), although the initial values (before auto¬ 
claving) ranged from 5.0 to 9.0, as has been noted. Autoclaving and stand¬ 
ing for two weeks in contact with a root resulted, therefore, in altering the 
initial pH value only a little if it was low, but producing increasingly great 
reduction as the initial value was higher. An initial value of 9.0 became 
5.3 at the end of the experiment. Such alteration might be expected, for 
this solution contained no phosphate (unless a trace of P0 4 -ion may have 
been introduced as impurities or in the yeast extract) and the salts used 
have but little buffer action. The growth indices varied irregularly and 
no consistent relation was apparent between growth of the root tips and 
either initial or final pH values. Nevertheless all but the initially most 
alkaline variant of this solution (pH = 9.0) gave good growth. 

Solution B was the full nutrient medium already referred to. As in the 
case of solution A, the final pH values were all low but they were consis¬ 
tently somewhat higher as the initial value (before autoclaving) was higher. 
For the initial series of values specified, from 5.0 to 9.0, the final values 
ranged in an almost linear series from 5.0 to 5.65. The differences in H-ion 
concentration were thus maintained in their directions throughout the 
2-week period, although their magnitudes were generally very greatly 
decreased. The pH value that was initially lowest did not alter, but all the 
other initial values became very much lowered, more so as their magnitudes 
were greater. In this connection it is to be noted that solution B contained 
a considerable concentration of phosphate, an effective buffer, which was 
absent or present in only exceedingly low concentrations in solution A. 
The growth indices for the eight different initial pH values of solution B 
showed irregular variations, but these were not so pronounced as in the 
former instance. The lowest index value (41 mm.) was for the culture 
whose solution had the highest initial and final pH value, but all the other 
growth indices were without consistent relation to the pH value. 

Solution C differed from solutions A and B (the full nutrient medium) 
only with regard to its phosphate concentration; it contained twice as much 
J£H 2 P0 4 per liter as is called for by the Uspenski formula, and it was con¬ 
sequently more effectively buffered. Its final pH values were regularly 
lower than the corresponding initial values, as in the cases of solutions 
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A and B, the lowering being more pronounced as the initial values were 
higher. For initial values from 5.0 to 7.2 inclusive the final values formed 
a nearly linear ascending series from 4.8 to 5.9, but for initial values from 
7.2 to 9.0 inclusive the final values were sensibly alike, about 5.95. Although 
there was considerable irregular variation in growth-index values, a rather 
consistent relation between growth and H-ion concentration is suggested 
by the numerical data for this series, which are as follows: 


Initial pH values . 5.0 6.0 6.4 6.8 7.2 7.6 8.0 9.0 

Final pH values . 4.8 5.0 5.3 5.4 6.0 5.6 6.0 5.95 

Final growth-index values 

(mm.) ... . . 140.0 153.3 119.3 144.3 67.7 47.3 49.3 35.0 


The growth index may be taken as about the same (from 119.3 to 153.3 
mm.) for final pH values from 4.8 to 5.4, while it tended to be progressively 
somewhat smaller for initial pH values from 7.2 to 9.0. As has been said, 
the initial pH values refer to the solutions before they were autoclaved, and 
no information is at hand to show whether either the initial or final pH 
values really represent the environments of the root tips, or whether the 
initial or the final pH values were more effective during a larger part of the 
experimental period, etc. It is consequently not desirable to attempt any 
closer analysis of these relationships. An equilibrium value about 5.0-5.5 
may be regarded as optimal for growth of these wheat root tips in the full 
nutrient solution (Uspenski solution plus dextrose and yeast extract) and 
under the other conditions of this study. This represents a much greater 
acidity than has usually been maintained for cultures of animal tissues. 

The three control solutions that were left unadjusted as to H-ion concen¬ 
tration and stood for two weeks without root tips showed final pH values 
of 5.1 (solution A), 4.8 (solution B), and 5.2 (solution C). In another 
experiment five flasks of a solution containing the usual proportions of salts 
and dextrose but no yeast extract were allowed to stand tw T o weeks without 
root tips. They gave a mean final pH value of 5.55 dt 0.25. Bobbins 
found that his culture solutions generally showed a final pH value about 
5.4, and suggested that H-ion adjustment during the experimental period 
was brought about through some sort of buffer action due to root tips or 
yeast extract. This was obviously not the case in the control tests of the 
present study. Bobbins does not give final pH valuer for any solutions 
that were allowed to stand throughout the experimental period without 
root tips or without root tips and yeast extract. 

The influence of temperature on growth of these root tips of wheat seed¬ 
lings in the full nutrient medium was studied by means of two experimental 
series, both conducted in darkness. In the first of these, six different, 
maintained temperatures (15°, 20°, 25°, 30°, 35°, 40°) were tested. There 
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were nine cultures for each temperature. At the end of the 2-week period 
a marked influence of temperature was indicated, as is shown by the repre¬ 
sentative roots depicted in figure 2. For 15° the growth index was 15 mm.; 
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Fig. 2. Representative excised root tips grown two weeks in full nutrient medium 
(salts, dextrose, and yeast extract in redistilled water) and in darkness, at six different 
maintained temperatures. About natural size. Temperatures represented are, reading 
from left to right: 15°, 20°, 25°, 30°, 35°, and 40°. 


the tips appeared healthy but had very few and very short branches. For 
20° the condition of the roots was about the same as for 15° but the growth 
index was 23 mm. For 25° the condition was excellent and the growth 
index was 62.5 mm., almost three times as great as for 20°; on the average 
there were seven branches per root tip. For 30°, on the other hand, the 
roots were evidently unhealthy; the growth index was only 8.2 mm. and 
there was only one branch per root tip on the average. For 35° and 40° 
the tips were blackened and swollen; no branches were present and no 
elongation had occurred. The optimal temperature appears to have been 
between 20° and 30°. 

The second temperature experiment included maintained temperatures 
of 20°, 22°, 24°, 25°, 26°, 27°, 28°, and 30°, for which the growth indices 



Fig. 3. Same as figure 2, but the maintained temperatures represented are, read¬ 
ing from left to right: 20°, 22°, 24°, 25°, 2fi°, 27°, 28°, and 30°. About f natural size. 
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were respectively 81, 98, 89, 75, 74, 59, 91, and 33 mm. Representative 
root tips from this series are shown in figure 3. The highest temperature 
was obviously supra-optimal but no optimal temperature is clearly indi¬ 
cated. Nevertheless the appearance of the root tips and the manner of 
their growth indicated that tWi optimal temperature was about 26°~28°. 

The influence of illumination on the growth of their excised maize root 
tips was considered briefly by Robbies and Maneval (7), who concluded 
that light was beneficial; but it was not clearly shown that temperature 
differences between lighted and unlighted flasks may not have been more 
or less effective in their experimental tests. To distinguish between light 
effects and those of heat is very difficult indeed. In the present study of 
excised wheat root tips some comparatively simple experiments were de¬ 
voted to the influence of illumination on growth. For cultures in darkness 
each flask was covered with an opaque paper wrapper, black within but 
white on the outside. The cultures were distributed uniformly on a table, 
each row of covered flasks being accompanied by an adjacent row of un¬ 
covered ones. 

One experiment comprised sixteen different solutions, with ten darkened 
and ten lighted cultures for each solution. The light supplied was ordinary 
diffuse daylight. All cultures were in darkness throughout the nocturnal 
part of each day, while the root tips in uncovered flasks received natural 
and fluctuating weak light during the diurnal part of each day. Those in 
covered flasks were in darkness throughout the entire 2 weeks of the ex¬ 
periment. It w r as presumed that all cultures had nearly the same tempera¬ 
ture, about 22°. Cultures with solutions that were well suited to the growth 
of these root tips showed significantly more growth in the uncovered flasks 
than in the covered ones. With solutions that were not well suited to 
growth, however, this apparent influence of light failed to appear or was 
so slight as to be insignificant. 

Another experiment on the influence of illumination comprised one hun¬ 
dred cultures in the full nutrient medium, fifty in covered flasks, and fifty 
in uncovered ones. The flasks stood on a table in a room provided with fair 
temperature control (about 25°) and with continuous electric light. Three 
150-watt nitrogen-filled Mazda “ daylight!' bulbs with reflectors furnished 
illumination; they were 70 cm. above the plane of the table, about 75 cm. 
apart, and in a straight row, being so placed as to illumine the entire series 
about equally. Three covered and three uncovered flasks, each of which 
bore a thermometer whose bulb was immersed in a volume of water equal 
to the volume of solution regularly used, gave evidence concerning the cul¬ 
ture temperatures. These were arranged in pairs at the left, center, and 
right of the group of cultures. The approximate mean temperature of the 
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water in the uncovered thermometer flasks for the 2-week period was 25.0°, 
while the corresponding mean temperature of the water in the covered ones 
was 0.7° lower. If it be supposed that these temperature values properly 
represent the temperature of the solutions in the two sets of culture flasks, 
it may be said that the illuminated root tips were kept generally about 0.7° 
warmer than those without light. 

The average growth index for the fifty darkened cultures was 103.0 mm. 
while the corresponding value for the fifty illuminated (and presumably 
somewhat warmer) cultures was 120.2 mm. This is surely a significant 
difference; it amounts to 16.5 per cent, on the basis of the lower value. Fur¬ 
thermore, a similar difference was clearly indicated by ocular evidence; the 
darkened root tips were more slender and more sparsely branched than the 
others and they appeared less healthy; those grown with illumination were 
less slender, more richly branched, and apparently in better general con¬ 
dition, although somewhat more bent. In figure 4 a representative sample 
of the dark-grown roots is shown at the left and a representative sample of 
the others is shown at the right. 



Fig. 4. Representative excised root tips, approximately natural size, grown two 
weeks in full nutrient medium: A, in darkness at about 24.3°; B, with continuous electric 
illumination, presumably at a temperature a little higher than that of the cultures in 
darkness. 

Although a temperature difference of the order of 0.7°, maintained for 
two weeks, is not by any means to be regarded as negligible, yet it may be 
recalled that the experiments on temperature influence (see preceding dis- 
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mission) gave no indication of great sensitiveness in these root tips to slight 
differences in temperature in the region of 24°-26°, and it consequently 
seems unlikely that the pronounced growth difference was mainly due to 
unlike temperatures of the darkened and illuminated solutions. It may 
therefore be said that these cultures of excised wheat roots showed a marked 
beneficial or stimulating effect due to such illumination as was tested. This 
conclusion supports the indications derived from the preceding experiment 
on illumination. Robbins and Maneval ( 6 ) came to a similar conclusion 
with regard to their excised maize root tips. They reported also that antho- 
cyan was formed in their illuminated maize roots, but no coloring was 
observed in the cultures here described. 

The degree of aeration of the culture solution might exert an influence 
on the rate of growth of these wheat root tips if the external supply of 
oxygen were a limiting condition. The general question of aeration was 
discussed to some extent by Robbins and Maneval (7). 

Some experiments on aeration were carried out in the present study and 
their results remain to be presented. No elaborate procedures for securing 
different degrees of aeration of the medium were attempted, partly because 
it seems best to begin to approach new problems by means of relatively 
simple methods and partly because time and facilities for adequate control 
of oxygen supply and the disposal of C0 2 , etc., were not readily available. 
The experiments of Zimmermann (13) gave rise to the suggestion that 
depth of culture solution might serve as a rough control of oxygen concen¬ 
tration in the immediate vicinity of the root tip, and several different depths 
of solution were accordingly tested. The flasks used were all of the same 
size, but some had 50 ml. of solution, others had 25 ml., and still others had 
10 ml. The three resulting depths of solution were approximately 20, 10, 
and 4 mm. respectively. All three groups exposed about the same area of 
solution to the air above (approximately 28 sq. cm.). Test-tubes containing 
10 ml. of solution were also used, with liquid columns about 6 cm. high and 
an air-liquid area of about 2.5 sq. cm. Because the root tips generally lay 
at the bottom of the flasks, beneath the solution, 1 all oxygen reaching them 
from the air had to penetrate the solution either by solute diffusion or by 
convection, or by both means. To secure., in this way different depths of 
solution in flasks of the same size naturally involved the introduction of 
another experimental variable, namely, the volume of medium present. But 
the test-tube and the flask containing the least volume of medium were com- 

i This was not always true. Although the root tips regularly sank to the bottom 
of the flasks immediately upon being introduced, yet in many instances rapidly growing 
tips subsequently rose to the surface and remained there. No difference was observed, 
in either manner or rate of growth, between sunken and floating root tips. This con¬ 
stitutes indirect evidence that aeration was adequate, even at the bottom of the flasks. 
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parable with respect to depth and area, for the volume of solution used was 
10 ml. in both instances. For these aeration tests the full nutrient medium 
was used; that is, the Uspenski solution plus dextrose and yeast extract. 
Flasks and test-tubes stood in a room with temperature fluctuating ap¬ 
proximately between 21° and 23°, with continuous artificial illumination 
provided by five 150-watt Mazda “daylight” lamps arranged as in the 
illumination tests already described. 

The average growth indices for the four groups of containers, ascer¬ 
tained at the end of the 2-week experimental period, were as follows: 

Flasks: Greatest depth, 50 ml. of sol., 44.2 mm. 

Medium depth, 25 ml. of sol., 41.3 mm. 

Least depth, 10 ml. of sol., 32.3 mm. 

Test-tubes: 10 ml. of sol., 32.8 mm. 

Aeration of the root tips was apparently adequate in both the flasks con¬ 
taining the medium volume of solution and in those containing the largest 
volume. This seems to imply that oxygen supply was more than adequate 
in the latter, which had the same volume as those regularly used through¬ 
out this study. The significantly smaller growth indices for the flasks that 
contained the smallest amount of solution is clearly not to be considered 
as due to excessive aeration; root tips at the bottoms of the test-tubes must 
have had less thorough aeration than even those at the bottoms of the flasks 
that contained the largest volume of solution, and the tubes gave growth 
just as satisfactory as that shown by the flasks that contained the smallest 
volume. The low (and nearly equal) growth indices for test-tubes and for 
smallest-volume flasks are apparently not related to aeration conditions at 
all. They may have been due to inadequacy in the volume of solution in 
these instances; as though the 10 ml. of the solution used did not contain 
a sufficient supply of some substance or substances necessary for the main¬ 
tenance of growth for two weeks under the prevailing conditions. It is 
also logically possible, of course, that the retarding effect of inadequate 
volume of solution may have been due to accumulation of injurious material 
resulting from the metabolism of the root tip, material that might become 
more widely dispersed in the larger solution volumes. Doubtless the aera¬ 
tion and volume relations of such cultures as these are themselves influenced 
by the growth rates of the excised root tips, by the length of the ex¬ 
perimental period, by the prevailing temperature, and by other current 
environmental conditions. 

Optimal conditional complexes for growth of the excised wheat root tips 
of this study, in the 2-week period uniformly employed, embraced redis¬ 
tilled watter, the salts and salt proportions of the Uspenski solution, 20 gm. 
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of dextrose per liter of solution, yeast extract from 0.1 gm. of yeast for 
each liter of solution, a final or equilibrium H-ion concentration giving a 
pH value about 5.0, a maintained temperature of about 26°-27°, continuous 
electric light, and at least about 25 ml. of solution per culture of a single 
root tip. The numerical values from some cultures that gave remarkably 
extensive root systems under these conditions are given as follows: 


Culture no. . 

... i 

II 

III 

IV 

V 

VI 

Length of main root (mm.) . 

115 

50 

48 

50 

52 

112 

Total length of branch roots (mm.) 

151 

204 

198 

183 

170 

90 

Growth index (mm.) . . 

266 

254 

246 

233 

222 

202 


Culture no. 1 gave the greatest growth secured for any single root tip in 
any of the many cultures carried out under these conditions and for the 
2-week experimental period. As is seen, the main root was 115 mm. long 
at the end of the period; there were five secondary roots totaling 133 mm. 
and a single tertiary root 18 mm. long. This represents a mean increment 
of root elongation of 19 mm. per day. 

These experiments were carried out at the Boyce Thompson Institute 
for Plant Research in 1929-1930, while the writer held a National Research 
Council fellowship in botany. Laboratory facilities were kindly made avail¬ 
able for this study by Dr. William Crocker, director of the Institute. The 
results were not assembled until the following year at the Pflanzenphysio- 
logisches Institute of the University of Berlin, w T hen the writer w r as a joint 
fellow of the National Research Council and the Rockefeller Foundation. 
In the course of the experimentation many helpful suggestions w r ere re¬ 
ceived from Dr. L. O. Kunkel, of the Boyce Thompson Institute, and much 
critical assistance in the final writing of this paper was received from Pro¬ 
fessor Burton E. Livingston, of the Laboratory of Plant Physiology of the 
Johns Hopkins University. 

Rockefeller Institute for Medical Research, 

Princeton, New Jersey. 
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ROLE OF “ NUTRILITES’’ IN THE NUTRITION OF MOLDS 
AND OTHER FUNGI 

Roger J. Williams and J. Marshall Honn 

Introduction 

Since the discovery by Wildiers (3) of the substance (or substances) of 
vitamin-like nature, to which he gave the name “bios,” much work has been 
done on the subject of yeast nutrition. Especially were investigations along 
this line stimulated by the suggestion of the senior writer (5) that bios 
might be identical with one of the vitamins. It has been amply demonstrated, 
however, that bios is not a single substance (9) and that different strains 
of Saccharomyces cercvisiae require traces of different unknown substances 
for their growth stimulation (7). Likewise, whereas the term vitamin has 
been restricted in its meaning to include only substances involved in animal 
nutrition, and there is abundant evidence to indicate that various bacteria, 
fungi, etc., have requirements of a vitamin-like nature, the broad term 
*‘nutrilite’’ (6) has been suggested to cover the vitamin-like substances 
which are involved in the nutrition of organisms in general. 

It was the purpose of the work here reported to investigate whether the 
fungi other than yeast, which can be propagated in the laboratory, have 
requirements for, or are stimulated by, nutrilites or vitamin-like substances. 

In an early experiment with yeast, one of us observed accidentally that 
a certain mold seemed to produce a yeast-growth stimulant. Ordinary yeasts 
themselves apparently produce yeast growth stimulants slowly, and hence 
are not so greatly affected by the presence of nutrilites when relatively large 
quantities of yeast are planted. It was to be expected, therefore, that in 
the case of molds the effect of nutrilites would be apparent only when the 
original seeding of the mold in a synthetic medium was light. The case 
of molds is somewhat complicated also by the fact that they grow from 
spores, and these spores would be expected to contain a certain amount of 
stored nutrilites which would affect the early growth of the fungus. 

Willaman ( 4 ) found that Sclerotiniu cinerea, the brown rot fungus of 
fruits, did not develop to maturity properly unless a fruit juice was added 
to the synthetic medium in which it was planted, and concluded that the 
addition was due to a vitamin-like substance. Lepeschkin ( 1 ) reported 
that vitamin B had some effect on the growth of Penicillium glaucum dur¬ 
ing the early stages. Aside from these cases, no work has been found deal¬ 
ing specifically with the requirements of molds for what we choose to call 
nutrilites. 
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In selecting the molds to be used, an attempt was made not only to 
include those of the more common varieties, but also to choose species that 
were representative of the different types, Eumycetes ( Penicillia and A$- 
pergilli) and Phycomycetes. In the preliminary work, various wild molds 
were obtained by exposing some of the control media to the laboratory air, 
and from other sources. All but two of these were discarded. 

The ten different species of molds and three pathogenic yeasts used 
during the experiments are listed here and the source of each given. The 
numbers preceding the names designate the cultures from the sources indi¬ 
cated. Two additional molds, Selerotinia cinerea and Rhizopus nigricans, 
from the American type culture collection were not cultured successfully. 


1. Blue-green mold (wild) 

2. Light brown mold (wild) 

3. Penicillium roqueforti (Roquefort cheese) 
1015. Aspergillus niger 
1019. Aspergillus glaucus 
1117. Penicillium expansum 
1216. Mucor racemosis 

Pathogenic molds: 


American type culture collection 


538. Penicillium crevtcanle \ _ , TT TT . ... 

. 7 f Dr. Fred Weidman, TTmversitv of 

989. Microsporon fulvum > ~ , 

1 Pennsylvania 


2058. Cephalasporium ) 
Pathogenic yeasts : 

1871. Monilia penoyi \ 

1872. Monilia metalondinensis > 
1883. Monilia macedoniensis ) 


Dr. Fred Weidman, University 
of Pennsylvania 


All of these molds and yeasts were grown on the standard molasses agar 
medium (10) which has been used in this laboratory for a number of years 
for the cultivation of stock yeast cultures. 

In order to carry out the experiments and answer the question just out¬ 
lined, it was desirable to have a synthetic medium which contained all the 
substances which molds are known to require except those of a vitamin-like 
character. The medium used throughout these experiments (designated 
as control medium) had the following composition and was a modification 
of Czapek’s medium, in that the ammonium-ion was added (2) in the form 
of phosphate, and small amounts of manganese and zinc were added because 
they have been found to be necessary for some fungi. 

Qrams 


Sodium nitrate, NaNO s . 3.0 

Potassium phosphate, K 2 HP0 4 . 0.50 
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Potassium chloride, KCl . 0.50 

Magnesium sulphate, MgS0 4 . 1.00 

Ferrous sulphate, FeS0 4 . 0.015 

Ammonium phosphate, (NH 4 ) 2 HP0 4 . 0.50 

Zinc sulphate, ZnS0 4 . 0.050 

Manganese chloride, MnCl . 0.010 

Sucrose . . 30.0 

Water. . 1000.0 


For a source of nutrilites a solution containing 1.0 gm. per 500 cc. of 
an aqueous-alcohol extract of yeast (Northwestern) was used. One cc. of 
this solution was added to 10 cc. of the control medium in the following tests. 

In order to be reasonably sure that the effect of the addition of this yeast 
extract was not due to the presence of ordinary nutrients in it (amino acids 
particularly), another “synthetic” solution containing a similar amount 
of known amino acids was prepared and used as an additional control. At 
the same time it was possible to ascertain the effect of this amino acid mix¬ 
ture alone on the growth of the fungi in question. 

Equal amounts of the following pure amino acids were mixed and 1 cc. 
of a solution containing 0.1 gm. of mixed amino acids per 500 cc. was added 
to the control medium as indicated. (The amino nitrogen content of the 
yeast extract as determined by the method of Van Slyke was the same as 
that calculated for the amino acid solution.) 

cZ-arginine monohydrochloride 
Z-proline 
Z-leucine 

Z-histidine dihydrochloride 
d-lysine dihydrochloride 
Z-tryptophane 

Experimentation 

Erlenmeyer flasks of 50-cc. capacity, sterilized, and plugged with cotton 
were used as containers for the media. At each planting of the individual 
mold species, four flasks were employed into each of which were placed 10 
cc. of the control medium. Into one flask containing 10 cc. of the control 
medium was placed 1 cc. of the amino acid solution, and the flask marked 
A . To a second flask containing 10 cc. of the control medium was added 1 
cc. of yeast extract solution, and this was marked I r . Into a third flask was 
placed 1 cc. of each of the amino acid solutions and the yeast extract in addi¬ 
tion to the control medium and this flask marked YA. The fourth flask 
contained only the control medium and was marked C. Thus for each plant¬ 
ing four different media were used. A mold was planted in all of these 
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four at the same time, and the rate and amount of growth and degree of 
maturity were noted from time to time. 

To secure equal seedings in all media, the following method was de¬ 
veloped for planting the molds. With a sterilized wire loop some spores 
were scraped from the surface of a stock culture and were shaken with a 
little distilled water until an even suspension was made. Enough spores 
were used to make the suspension cloudy, but in no case was the number 
great enough to cause visible cloudiness in the medium being seeded when 
1 cc. of the suspension was planted in each flask. The plantings at various 
times were not exactly equivalent, of course, but for any one planting, the 
numbers of spores placed in the different flasks were made as nearly equal 
as possible. Some specimens produced few or no spores. In this case it 
was necessary, in order to make an even seeding, to shake bits of mycelium 
vigorously in water until the pieces were very small and equally dis¬ 
tributed throughout the liquid. 

The seeded flasks were placed in an incubator and kept at a temperature 
of 27°~29° C. Under these conditions growth was found to be considerably 
faster than when the cultures were exposed to the variations of room tem¬ 
perature. Higher temperatures than these caused evaporation of water, 
which condensing on the side of the flasks and running down, flooded the 
surface of the mold. 

Observations were made about every two days, since in most cases the 
growth was net rapid enough for distinct changes to be seen within 24 
hours. For the first day or two appearances were generally the same in all 
flasks, as the spores were germinating. 

Some difficulty was encountered in making satisfactory estimations of 
the development of the mold at any time. Although the volume of the 
mold often appeared great, the actual dry weight of that from one flask 
would never be more than a few milligrams, and in many cases would be 
too small to weigh. It was necessary therefore to make some sort of com¬ 
parative observation on the volume of growth. In the system used for this, 
a number was assigned to the amount of growth in one flask and if there 
was a larger growth in another flask, a higher number was assigned to it. 
If in one medium the growth was twice that in another, the number given 
to the first would be twice that given to the second, and so on. With a 
little practice the comparative amount of growth made in the different 
media could be estimated satisfactorily. 

Some of the molds grew to greater volume before producing spores than 
did others. If the production of spores may be considered as an indication 
of the stage of maturity, then the volume of growth and the degree of 
maturity did not run parallel in all cases. For this reason it was thought 
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desirable to maintain a separate record of the production of spores. The 
same system was used as in the record of growth. 

The molds as a whole were found to behave rather erratically in their 
growth. A certain species might grow satisfactorily for several different 
plantings, and then after one particular planting it would suddenly die in 
the media when only a few days old. A new planting, however, would 
grow as before. It will be noted that during the third planting of no. 5, 
Aspergillus glaucus, the mold died in the YA medium. This did not 
happen to this mold in any of the other plantings. Such behavior might be 
due to bacterial contamination. 

Tables I-IX contain the results of observations. The composition of 
the medium is indicated by the letters appended. C stands for control 
medium; A for medium to which amino acids have been added; Y for the 
medium to which yeast extract has been added; and YA indicates the 
medium which contained both yeast extract and amino acids in addition 
to the control medium. Owing probably to slight variations in the amounts 
planted and to the masking effect of stored food materials present in the 
spores, a single experiment often does not show striking results. However, 
the totals of the horizontal columns show the general behavior of the various 
molds in the different media. 

The determinations of the amounts of growth of the yeasts (pathogenic) 
were made with a thermo-couple devised for use in measuring the turbidity 
of suspensions (8). The more turbid a suspension of the yeast, the smaller 
the galvanometer deflections. The galvanometer readings have been trans¬ 
lated into milligrams of moist yeast per cubic centimeter. 

The results of the tests are summarized as follows: 

1. Growing as well in the control medium as when additions were made: 
blue-green mold (wild), Penieillium roque forty, P. crevicaule . 

2. Stimulated in growth by amino acids: light brown mold (wild), 
Aspergillus niger, A. glaucus , Penieillium expansum, Mucor racemosis, 
Microsporon fulvum, Cephalasporium, 

3. Stimulated in growth by yeast extract: light brown mold (wild), 
Aspergillus niger, Mucor racemosis, Microsporon fulvum, Cephalasporium, 
Monilia metalondinensis, ill. macedoniensis, 

4. Yeast extract producing distinctly more growth stimulation than 
did the amino acids: light brown mold (wild), Aspergillus niger (?), Mucor 
racemosis, Microsporon fulvum, Cephalasporium, Monilia metalondinensis, 
M. macedoniensis . 

5. Spore formation stimulated by amino acids: blue green mold (wild), 
light brown mold (wild), Aspergillus niger, A. glaucus, Penieillium 
expansum . 
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TABLE I 

Growth and spore formation, blue-green mold (wild) 


Days 

Total 

3 

5 

7 

2 

i 

7 

3 

5 

2 

4 | 

j 6 

3 

5 

7 

1 

2 | 

l 3 



Spore formation 



TABLE II 

Growth and spore formation, light brown mold (wild) 









Days 











i 

3 | 5 

13 J 14 

3 

5 i 

l 7 

4 

I 6 ! 2 

3 

5 

1 

i 

3 ! 

4 

1 

5 

3 

5 

7 

Total 


Growth 


C . . j 


1 j 

1 

1 

1 

1 

2 

1 

1 

1 

2 

3 

1 

2 

2 

2 

3 

4 

4 

33 

A . 


1 

2 

2 

1 

3 

3 

1 

2 

2 

o 

3 

1 

4 

4 

4 

5 

6 

8 

54 

Y ... 

1 

2 

2 

3 

2 

4 

5 

2 

4 

3 

3 

4 

1 

4 

5 

5 

2 

4 

7 

63 

YA 

1 

3 

6 

8 

2 

4 

6 

2 

2 

4 

4 

5 

1 

4 

4 

5 

4 

7 

6 

78 


Spore formation 
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TABLE III 

Growth and spore formation, Penicillium roqueforti 



Days 

Total 

15 2 

7 3 

5 7 

Growth 


C . 
A 
Y 
YA 


Spore formation 



C 


4 


4 

! 

2 

3 4 

13 

A 


2 


4 

.. 

4 

5 

15 

Y 




6 

.. 

2 

3 

11 

YA 




5 


2 

4 

11 


TABLE IV 

Growth and spore formation, Aspergillus nicer 1015 


Days 










TOTAL 

3 

5 

2 

2 

6 

1 

2 

4 



Growth 


C 

5 

1 ! 

5 ' 

! 4 

! 

2 2 

1 

1 

2 

22 

A 

5 

6 

| 4 

2 ; 2 

2 

2 

4 

27 

Y 

4 

4 1 

4 1 

2 4 

3 

4 

5 

30 

YA 

5 

6 1 

4 1 

2 i 4 

1 

4 

5 

6 

36 


Spore formation 


C 

3 

3 

3 

2 

2 



1 

14 

A 

5 

6 

3 

2 

2 



2 

20 

Y 

2 

2 

2 

2 

4 



4 

16 

YA 

4 I 

5 

3 

2 

4 

... 


6 

24 
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TABLE V 


Growth and spore formation, Aspergillus glaucub 1019 


Days 

Total 

3 

5 

2 

3 

1 

3 

4 

5 

8 

3 

5 

7 

2 

i 

3 ! 5 

i 


Growth 


C 

3 

4 

2 

6 

1 

4 

7 

8 

8 

3 

6 

10 

2 

2 

2 i 

1 

68 

A . .. 

3 

5 

2 

6 

2 

5 

8 

8 

8 

6 

6 

10 

2 

3 

s ; 

77 

Y . 

2 

3 

3 

; 5 

3 

2 

4 

4 

8 

4 

6 

10 

3 

4 

3 i 

66 

YA . 

2 

3 

3 

5 

4 

4 

X* 

X 

X 

4 

4 

6 

4 

4 

6 1 

49 


Spore formation 


C . . . 

i 

i i 

1 


3 


2 

2 

2 

2 

2 

2 

3 


1 

1 

22 

A 

1 

1 


3 

.. 

4 

5 

5 

5 

2 

2 

3 


2 

2 

35 

Y .... 

2 

2 1 


2 



5 

5 

5 



2 

1 

2 

2 

28 

YA . .. 

2 

2 ; 

i 


2 

i 




I_ 


2 

3 

4 

2 

4 

4 

25 


X indicates death of mold. 


TABLE VI 

Growth and spore formation, Penicillium expansum 1117 


Days 


3 

5 

7 

2 

4 ! 

1 j 3 

4 5 

3 

5 

7 

3 6 

1 1 

2 3 5 

Total 


Growth 


0 . . 

2 

3 

4 

3 

8 

1 

3 

4 

4 

3 

2 

X 

2 

i 

2 

2 

2 

X 

46 

A ... 

3 

3 

5 

3 

8 

2 

4 

4 

4 

2 

2 

4 

3 

4 

3 

3 

X 

58 

Y 

1 

3 

3 

1 

7 

3 

3 

3 

3 

i 

1 

3 

4 

5 

3 

i 4 

X 

48 

YA 

1 

3 

3 

1 

4 

4 

3 

3 

3 

i 

2 

6 

6 

8 

3 

4 

x ! 

55 


Spore formation 
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TABLE VII 

Growth and spore formation, Mucor racemosis 1216 



Days 

Total 

1 

2 3 3 

6 3 

Growth 


C . 

1 

1 

2 

1 2 

2 

2 

10 

A 

2 

2 

4 

2 

2 

3 

15 

Y 

3 

3 

4 

4 

5 

4 

23 

YA 

4 

4 

4 

3 

4 

3 

22 


Spore formation 


C 




1 

2 

1 

4 

A 



.. 



1 

1 

Y 



... 

2 

4 

3 

9 

YA 

•• 



... 

3 

2 

5 


TABLE VIII 

Growth of three pathogenic molds 


Days 



6. Spore formation stimulated by yeast extract: Mucor racemosis . 

7. Growth inhibited by amino acids: none. 

8. Growth inhibited by yeast extract: blue-green mold (wild), Penicil - 
Hum roqueforti. 

9. Spore formation inhibited by amino acids: Mucor racemosis (?). 

10. Spore formation inhibited by yeast extract: Penicillium expansum . 

11. Both amino acids and yeast extract necessary for spore formation: 
light brown wild mold (striking). 
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TABLE IX 

Growth or three pathogenic yeasts 
No. 1872, Moniua metalondiensis 



Hours 

Total 

48 

30 

36 

c . . 

0.78 

0.67 

0.52 

1.97 nig. moist yeast per cc. 

A 

0.87 

0.65 

0.48 

2.00 

Y 

1.35 

0.72 

0.90 

2.97 

YA 

1.55 

0.77 

0.78 

3.10 


No. 1883, Moniua macedonienis 


C 

0.26 

0.30 

0.26 

0.82 mg. moist yeast per ec. 

A 

0.31 

0.30 

0.26 

0.87 

Y 

0.60 

0.72 

0.50 

1.82 

YA .. . 

0.74 

0.77 

0.63 

2.14 


No. 1871, Moniua penoyi 


Days 



2 

4 

2 


C 

2 

X* 

2 


A 

* 2 

X 

2 


Y 

2 

X 

2 


YA 

2 

X 

2 



* Indicates death of yeast. 


Discussion 

It has been found that the molds are rather difficult to work w T itli and 
rather erratic in their behavior. Mixing of one mold with another, pre¬ 
sumably, because of the activity of 4 * mites 7 * which crawl through the cotton 
plugs carrying spores with them, is one difficulty that had to be met, in 
addition to the difficulty of keeping spores in general from becoming dusted 
into all utensils. Bacterial contamination may enter into some cases, 
although the usual bacteriological technique was used throughout in 
handling the organisms. Wherever a foreign organism appeared to be 
present, the culture was discarded. 

In spite of the irregularities of behavior, however, there is evidence 
that a number of molds and two or three yeasts tested (Monilias) are 
stimulated in their growth by vitamin-like substances present in yeast ex- 
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tract. It will be noted that the physiological actions of the yeast extract 
and the amino acid solution are both definitely positive but that they are 
distinct. As might be expected, the formation of spores with their rela¬ 
tively high protein content is stimulated in a number of cases by the 
presence of amino acids which are apparently synthesized with difficulty 
by several molds. Yeast extract has comparatively little effect in this 
regard. In stimulating growth, however, yeast extract has a greater effect 
than the amino acid solution in the case of seven organisms. The striking 
case of the light brown wild mold is worthy of note, inasmuch as both yeast 
extract and amino acids together are necessary for appreciable spore forma¬ 
tion. 

There appear to be more or less specific poisonous substances in the yeast 
extract which inhibit the growth of certain molds. Such substances are 
not in the amino acid mixture. We have previously observed in studies on 
yeast the existence in certain extracts of poisons which are effective toward 
certain strains of yeast and not toward others (9). 

It w*as interesting to note that some of the molds seemed to be able to 
adapt themselves to the medium on which they were growing. This was 
particularly noticeable in the case of the light brown (wild) mold. After 
successive cultivations in the control medium this mold grew in this medium 
better than previously. This made it necessary to grow all stock cultures 
on a standard medium, as indicated previously. 

The situation with respect to molds and their relationship to various 
nutrients seems to be fairly clear. Apparently for carrying on the living 
activities of an individual fungus, certain chemical materials are indis¬ 
pensable. Some of these, such as the inorganic ions and carbohydrate (or 
substitute) material, must be supplied in the food and cannot be produced 
by the organism. Other of the necessary cell constituents can be built up 
with varying ease. In the case of some molds (Penicillium roqueforti for 
example), apparently the protein building stones are built up with great 
ease, since introduction of amino acids into the medium has no apparent 
effect on the growth of the mold. On the other hand, such molds as 
Penicillium expansum were definitely stimulated in their growth by amino 
acids, and in spore formation a number were helped by the presence of the 
protein building stones. 

The fact that in certain cases amino acids stimulate growth or spore 
formation does not mean, however, that the fungi in question are wholly 
unable to synthesize the amino acids. It merely means that synthesis does 
not take place with greatest ease. 

Likewise with the nutrilites or vitamin-like substances which are 
apparently also necessary cell constituents: the fact that they stimulate 
growth does not mean that they cannot be synthesized by the organism, but 
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ratker that they cannot be synthesized with ease. Accordingly, when 
presented to the organism ready-made, growth is enhanced. 

In spores undoubtedly the necessary cell constituents are all stored, and 
for a time the organism is able to grow on this stored material. Accord¬ 
ingly* the growth at first is apparently the same whether nutrilites and 
amino acids are furnished in the medium or not. It is during the second 
phase of growth that the effect of nutrilites becomes apparent in a number 
of cases. If left in the same medium for a long time, the mold eventually 
(though slowly) produces enough of the essential organic cell constituents 
so that the whole of the food material may be used and the final growth may 
be approximately the same, whether or not nutrilites were present in the 
medium. In some cases, where the nutrilites are synthesized by the organ¬ 
ism with great difficulty, the growth may continue to be very slow. There 
is the possibility, already mentioned, however, that the organism may adapt 
itself to a medium and increase its synthetic powers. 

That certain molds are capable of producing substances belonging to 
the category of nutrilites was confirmed in this laboratory in connection 
with this study, inasmuch as a culture of Aspergillus niger grown on a 
synthetic medium was extracted and found to contain the nutrilite or 
“ bios ’ 9 for Wildiers* yeast. 1 

Summary 

Ten molds and three yeasts ( Monilias ) were cultured in various media, 
and from the study the following principal conclusions are drawn: 

1. Several molds are apparently stimulated in their growth by sub¬ 
stances of vitamin-like character which we have called nutrilites. 

2. A number of molds sporulated much more freely when growing in a 
medium containing a mixture of pure amino acids. 

3. The effects of nutrilites (and amino acids) on mold growth are 
masked in part by the presence of stored materials in spores. Yeasts re¬ 
spond more readily to the presence of nutrilites in the medium than do 
molds. 

4. The fact that growth is stimulated by the presence of certain indis¬ 
pensable substances does not mean that the organism is unable to synthesize 
them, but rather that synthesis takes place with difficulty and consequent 
slowness. Molds, in common with yeasts, are in general apparently able 
to synthesize nutrilites slowly. 

UNIVERSITY OF OREGON, 

Eugene, Oregon. 
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FURTHER NOTES ON THE NUTRIENT REQUIREMENTS AND THE 
HISTOLOGY OF THE CRANBERRY, WITH SPECIAL 
REFERENCE TO THE SOURCES OF NITROGEN 1 

Ruth M. Addoms and P. C. Mounce 
(with two figures) 

Introduction 

A project concerned with the nutrient requirements and the histology 
of the cranberry (Vacxinium macrocarpon Ait.) has been in progress at 
the New Jersey Agricultural Experiment Station for two years. Pre¬ 
liminary experiments (1) showed that the cranberry plant is capable of 
utilizing ammonium nitrogen. After these experiments were initiated, 
Tiedjens and Robbins (12) showed that for tomato and certain other crop 
plants either ammonium or nitrate was a favorable source of nitrogen, but 
that the ability of the plants to utilize these different sources of nitrogen 
varied with the hydrogen-ion concentration of the nutrient medium, nitrate 
being superior to ammonium in a decidedly acid nutrient solution (pH 4 
or 5) whereas ammonium was superior to nitrate in a neutral or slightly 
alkaline solution (pH 7 and above). The present investigation was there¬ 
fore undertaken with the special object of determining the ability of the 
cranberry plant to utilize different sources of nitrogen at various hydrogen- 
ion concentrations. The problem is of practical importance since cran¬ 
berries are grown commercially in bog soils of high acidity. 

Methods 

Cultural 

The plants selected for these experiments were of the Howe variety, 
chosen as preferable to the Early Black of previous experiments (1) be¬ 
cause of their larger size and more vigorous growth. 2 In the fall of 1930 
several hundred one-year-old rooted cuttings were selected for uniformity; 
the roots were washed carefully, the plants set in 8-incli pots of washed 
quartz sand, and the pots buried in sand in a cold frame and covered 
with straw and brush. Throughout the winter, water was applied at 
regular intervals. At the onset of warm weather in the spring, the potted 
plants were removed to a refrigeration room, where they were maintained 
at a temperature slightly below 0° C. for a month, until such time as it was 
practicable to start experiments in the greenhouse. 

1 Journal Series paper of the New Jersey Agricultural Experiment Station. 

2 The plants were obtained through the courtesy of Miss Elizabeth C. White, of 
Whitesbog, N. J. 
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On June 22, 1931, most of the plants were transferred to 3-gallon glazed 
porcelain crocks filled with washed quartz sand, five or six plants to a 
crock., They were then divided into three series, which until the latter 
part of August were kept in the greenhouse and received the following 
nutrient treatments. 

Series 1.—Fifteen crocks received a complete nutrient solution con¬ 
taining nitrogen in the form of calcium nitrate. The solution ll 2 S 2 of 
previous experiments (1) was selected because it has been shown to sup¬ 
port vigorous vegetative growth. 

Series 2. —Fifteen crocks received a complete nutrient solution contain¬ 
ing nitrogen in the form of ammonium sulphate. This solution also had 
been shown to support vigorous vegetative growth. 

Series 3.—Fifteen crocks received nitrogen in the form of glycine. 
Calcium nitrate of the solution of series 1 was replaced by calcium chloride 
and an equivalent amount of nitrogen was supplied as glycine. 

The composition of the various solutions is shown in table I. All had 

TABLE I 

Composition of nutrient solutions used 


Series 

! 

Salt 

Partial volume - 
molecular con¬ 
centration 



KH.PO, 

0.0049 

Nitrate 


Ca(NO,) 3 

0.0049 



MgSO, 

0.0099 



kh,po 4 

0.0020 



CaCl., 

0.0073 

Ammonium 

i 


! 


1 

(NH 4 ) 5 SO, 

0.0014 



MgSO, 

0.0071 



f KH..,POj 

0.0049 



CaCL 

0.0049 

Glycine 






MgS0 4 

0.0099 



CII 2 • NH 3 . COOH 

0.0032 


a total osmotic concentration of approximately one atmosphere. Iron was 
supplied from time to time as ferrous sulphate. In each series the fifteen 
crocks were divided into three groups, wdiich received the nutrient solution 
at an initial hydrogen-ion concentration of 4, 6, and 8 respectively, the 
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reaction being adjusted by the addition of potassium hydroxide or sul¬ 
phuric acid. Each crock received daily 1 liter of nutrient solution, which 
for the pH 4 and 6 cultures was supplied by Shivers constant-drip method 
(11), and for the pH 8 cultures (because of precipitation) was mixed in a 
jar and applied twice daily. All of the cultures were flushed with distilled 
water once a week. 

In addition to the three series of sand cultures, two series of soil cul¬ 
tures were set up. Plants similar to those of the sand cultures were trans¬ 
planted to bog soil in 8-inch clay pots. Nine pots received nitrogen in the 
form of calcium nitrate and nine in the form of ammonium sulphate. To 
three pots of the nitrate series and to three of the ammonium series were 
added 80 grams of lime, to three were added 40 grams and to three no lime 
was added. 

Histological and microchemical 

Plants from the cultures just described furnished material not only for 
study of general growth responses, but also for microscopic examination. 
Most of the microchemical tests employed were suggested by Eckerson (2) 
of the Boyce Thompson Institute. For both histological and microchemical 
work fresh material was employed; although the endophytic fungus asso¬ 
ciated with the growth of the cranberry plant (10) is extremely small, it 
can be observed in fresh material, especially if stained lightly with 
ruthenium red, cotton blue, or mercurochrome. 


Results 

Cultural 

In none of this season's sand cultures did linear growth of stems equal 
that of the previous season (1), for the cuttings were transferred to sand 
cultures and supplied with nutrient solutions much later; and prior to being 
transferred they were in a very inactive state, with the result that they 
were slow in resuming rapid growth. However, all of the plants of this 
season’s series were on a par when they were set out, and within a few 
days all had started to produce new stem growth. Thus the comparative 
rates of growth in the different cultures are of significance. All of the 

o-l y cine 

plants produced some increase in stem length, although in the and 

BltTfltP * * 

the —=■=-?:- cultures the increase was very slight, being limited to the initial 
pH 8 

growth just mentioned. By the middle of July decided differences were 

noticeable. The and the plants showed a chlorosis from 

pH 8 pH 8 

which they failed to recover upon the addition of either iron or boron. By 
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July 30 the plants were so nearly dead that they were discarded, 

and the plants followed on August 6. 

Of the nitrate cultures that persisted after August 6, all showed less 
growth than either the ammonium or the glycine cultures. There was little 
difference between those at pH 4 and those at pH 6; all were dark green 
and apparently healthy, those at pH 4 slightly more so than those at 
pH 6, but none was vigorously vegetative. When linear growth of stems 
was measured on August 24, there was very little difference between them. 
These results, as well as those in the other sand cultures, are shown in 
table II. 

TABLE II 

Linear growth or stems in sand cultures, June 27 to August 24 


Culture 

Linear growth of stems 
(average of 25 plants) 

IN CM. PER PLANT 


cm. 

Ammonium, pH 4 

36 

Ammonium, pH 6 

88 

Ammonium, pH 8 

81 

Nitrate, pH 4 

34 

Nitrate, pH 6 

30 

Glycine, pH 4 

86 

Glycine, pH 6 

69 


The glycine plants at pH 4 and pH 6 grew well, as did the ammonium 
plants at pH 6 and pH 8. All of these plants were dark green, produced 
new stem growth, had apparently healthy root systems, and presented an 
appearance that in all respects was satisfactory to a commercial cranberry 

grower. Over a period of several weeks the — plants were superior 

pH 4 

in appearance to any of the other plants in sand culture, although by 
August 24 little or no difference was evident between them and the am¬ 


monium plants at either pH 6 or pH 8. The 


ammonium 
pH4 


plants remained 


stunted, and ultimately showed an injury to the stem tip that the addition 
of manganese and boron did not alleviate; they were discarded on 
August 26. 
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On August 27, stem tips and leaves from the most vigorously growing 
sand culture of each series were analyzed for alpha-amino nitrogen and for 
ammonia. The results, computed on a green weight basis, are as follows: 

PLANTS a-AMINO N AMMONIA 

ammonium 
pH 8 ~ 

glycine 
pH 4 
nitrate 
pH 4 

Figure 1 shows the various cultures as they appeared on August 5. As 
stated, many of the cultures produced a considerable amount of new stem 
growth after that date. 

Of the soil series, several cultures produced excellent stem growth and 
dark green leaves. Of these cultures the ammonium plants that had been 
supplied with a medium quantity of lime stood first, both in general appear¬ 
ance and in amount of linear growth of stems. Several of the plants 
retained after the conclusion of the experiments were growing vigorously 
at the end of six months. Second in amount of linear growth were the 
ammonium plants that had received no lime and the nitrate plants that had 
received a medium amount of lime. The others, ammonium plants receiv¬ 
ing a large quantity of lime and nitrate plants with medium and high 
quantities of lime, were far less vigorous in growth, although they were 
not markedly chlorotic and during the course of the experiment it was not 
deemed necessary to discard them. 

To furnish supplementary evidence, plants several years old were col¬ 
lected from bogs and brought to the laboratory for chemical analysis. All 
were of the variety Early Black, but they differed decidedly in vegetative 
vigor, according to the nutrient conditions of the bogs in which they had 
been grown. Some plants were highly vegetative (although fruitful), with 
long succulent shoots and green leaves. Others were much less vigorous, 
with shorter and more woody shoots, and many of the leaves were red with 
antliocyanin pigments; microscopic examination showed a much larger 
proportion of thick-walled cells, a heavier cuticle, and larger deposits of 
oil. A third group seemed intermediate between the other two in regard 
to the degree of vegetative vigor, although more nearly like the weakly 
vegetative than the strongly vegetative group. 

Leaf blades only were analyzed. Amounts of ether extract, on the 
basis of dry weight, were as follows: 


0.031% 

0.0053% 

0.040 

None 

0.017 

None 
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Strongly vegetative plants . 
Intermediate plants ... . 
Weakly vegetative plants . 


10.57 per cent. 

12.42 “ “ 

14.58 “ “ 


Histological and microchemical 


A previous paper (1) describes the stem and root structure of the cran¬ 
berry plant, and includes some discussion of the distribution of the endo¬ 
phytic fungus in these organs. 

In this season’s work, the endophytic fungus was found in all plants of 
both sand and soil cultures, both in association with the roots and dis¬ 
tributed through the entire stem system. A decided difference in amount 
of mycelium was noticed, however, between the rapidly growing plants and 
those that were stunted and chlorotic. In all of the rapidly growing plants, 

glycine 


such as those grown with - 


pH 4 


the cells of the stem tip, even embryonic 


cells, were crowded with mycelium. Slightly farther back the mycelium was 
especially evident in pith, although it could be observed in all types of 
cells, including the epidermis. Many of the hyphae had swollen tips (fig. 
2), which did not stain with either ruthenium red or cotton blue, but which 
showed a high content of protein and a few oil globules. Tests with gold 
chloride and with iodine-ammonia indicated an appreciable content of 
tannin in these swollen tips as well as in the cells of the cranberry stem. 
Janse ( 4 ) figures apparently similar structures in the mycorrhiza of cer¬ 
tain Javanese plants. In the more mature portions of the stem, mycelium 
was observed in various stages of disintegration, as previously described 
(10, 1). Within these masses of disintegrating material there could often 
be observed conspicuous granules varying in color from brown or black to 
a deep cherry red. They were sometimes evident in cells in which strands 
of mycelium were still apparently intact. 


nitrate 

On the other hand, the non-vigorous stunted plants, such as the — — — 

pH o 

ones, contained comparatively little mycelium at any time during the 
season’s growth. Mycelium could be distinguished in the stem, but not 
abundantly, and most of it was in the granular stages of disintegration, 
even near the growing tip. Much the same condition had been noted in 
the dormant cuttings at the initiation of the experiments on June 22. 

As in the plants of previous experiments (1), nitrates could not be 
detected at any time in either the fungus or the cranberry plants of any 
cultures. By means of the Nessler test and the formation of ammonium 
chloroplatinate crystals, ammonium could be detected in the tissues of the 
plants to which it had been supplied in the nutrient solution. It was espe¬ 
cially evident within a few hours after a plant that had grown in a defi- 
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Fig. 1. Plants of sand cultures as they appeared on August 5, 1931: top (left to 
right), nitrate cultures at pH 4, 6, and 8 respectively; middle (left to right), ammonium 
cultures at pH 4, 6, and 8 respectively; bottom (left to right), glycine cultures at pH 4 
and 6 respectively, xl/11. 

ciency of nitrogen was transferred to an ammonium-containing nutrient 
solution. 

Glycine was apparently present in the stems of plants to which it had 
been supplied in the nutrient solution. To fresh sections of young stem, 
absolute alcohol was added. Within an hour there appeared very small 
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crystals, which in the course of 12 hours increased greatly in size. With 
the exception of a few crystals that were obviously of some other substance, 
they had the crystalline form of glycine, and when immersed in oily liquids 
of the several refractive indices of glycine (5), the respective facets of the 
crystals disappeared. These facts would seem substantial evidence that the 
crystals were of glycine. They were present in large numbers in the young 

stems of the plants, especially in the outer cells of the pith. A few 


were present in the mycelium in these sections. 


Ia the plaata a 

pH 6 


somewhat lower concentration of glycine was indicated; in the 


ammonium 

pH8 


plants a few crystals were present; and in the nitrate plants there were 
practically none. 




A B 

glveine 

Fig. 2. Cells from stem tip of strongly vegetative ■ plant, showing swollen 

tips of hyphae: A , as seen in cross-section of stem; JB, as seen in longitudinal section, 
x 600. 


Discussion 

From the present experiments, as well as earlier work (1), it is evident 
that in the cranberry, as in many other plants that have been studied by 
other workers (6, 7, 8, 9), degree of vegetative vigor is associated with the 
nitrogen metabolism of the plant. In the cranberry, however, food is stored 
not only as starch but also as oil; in the leaves, starch seems to be transi¬ 
tory and most of the stored food is in the form of oil, whereas in the stem 
large deposits of starch may be found. Chemical analyses of bog plants 
show that there is a definite correlation between degree of vegetative vigor 
and percentage of fats and lipoids in leaf blades (page 648), the percentage 
of ether-soluble substances being lowest in the most vigorously vegetative 
plants. 
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The cultures of these experiments, both sand and soil, indicate that 
young cranberry plants are capable of utilizing a variety of different sub¬ 
stances as sources of nitrogen, but that the ability to use different substances 
varies with the reaction of the nutrient solution. In sand cultures nitrates 
can be used to at least fair advantage in acid but not in alkaline re¬ 
action, while ammonium can be utilized in neutral or alkaline but not 
in highly acid reaction. These results are in general agreement with 
those of Tiedjens and Robbins (12) for tomato and other plants, although 
apparently the cranberry can utilize ammonium in somewhat more acid 
reaction than could the plants with which they worked. The findings are 
interesting in relation to the fact that cranberries are grown commercially 
in bog soil that is decidedly acid, even more so than the pH 4 cultures of 
these experiments, and that the most commonly used nitrogenous fertilizer 
is sodium nitrate. It might be expected, then, that the bog soil cultures to 
which ammonium sulphate was added would be inferior to the nitrate pots. 
Quite the opposite was true, however, for the ammonium cultures, both with 
and without lime, produced stem growth exceeding that of any of the 
nitrate soil cultures. The most plausible explanation of the difference 
between soil and sand cultures lies in the greater buffer properties of the 
bog soil. The present experiments did not include the application of 
ammonium sulphate over a period of several years. 

As stated, the ammonium ion seemed to be readily absorbed by the 
cranberry plant (or its endophyte), and could be detected in its tissues; 
whereas nitrates could not be detected in either the cranberry or its endo¬ 
phyte at any time, indicating that if nitrates are absorbed as such, they 
must be converted into other substances immediately. Moreover, bog soil 
is usually 1ow t in nitrates. 

It is generally assumed that one of the first steps in the synthesis of 
proteins is the reduction of nitrates to nitrites and ammonia (3). If this 
be true, it w-ould seem reasonable to suppose that under proper environmen¬ 
tal conditions the ammonium ion should furnish a more readily available 
source of nitrogen than does the nitrate ion. Such a conclusion is borne 
out by experiment. It has been observed repeatedly in this laboratory that 
the addition of ammonium salts to plants 1ow t in nitrogen produces more 
rapid response than the addition of nitrates. One commercial grower, 
reporting the application of ammonium sulphate to a cranberry bog over 
a period of several years, states that at first it produced greater vegetative 
growth than either sodium nitrate or dried blood, and that the leaves were 
dark green; but that after ammonium sulphate had been applied for sev¬ 
eral years the foliage became noticeably lighter, there was a decrease in the 
amount of fruit produced, and the berries were of poor color and keeping 
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quality. It is apparent that the symptoms are those of an excess of nitrog¬ 
enous fertilizer, resulting in excessively vigorous vegetative growth and 
ultimately in a decreased production of fruit. The cranberry seems to be 
more sensitive than the tomato and certain other plants to an oversupply 
of nitrogen. It should be remembered also that not only is ammonium 
probably a more quickly available form of nitrogen than is nitrate, but 
that the amount of nitrogen in a molecule of ammonium sulphate is approxi¬ 
mately 25 per cent, more than in a molecule of sodium nitrate, necessitating 
the use of a smaller quantity of the salt as fertilizer. 

Several of the plants that remained from sand-culture experiments re¬ 
ported in a previous paper (1), and that had been stored in a cold frame 
through the winter and spring, were removed to the greenhouse on July 
22 and supplied with the nutrient solution containing ammonium sulphate 
as a source of nitrogen, at pH 6. New stem growth became evident within 
two days, and within a week there were many new shoots two inches or 
more in length. Throughout the remainder of the season (their second 
season with ammonium as the only source of nitrogen) growth was vigorous 
and apparently healthy. It would thus seem sure that for cranberry, as 
well as for tomato and other plants reported by Tiedjens and Robbins (12), 
ammonium in itself is not toxic, but only demands a satisfactory reaction. 
Nitrates could not be detected in any of the ammonium drips at any time, 
thus apparently precluding the possibility of nitrification of the ammonium 
in the soil. Macrochemical analysis (page 647) showed a considerably 
higher concentration of alpha-amino nitrogen in the plants that had been 
supplied with ammonium than in those that had been supplied with nitrate. 
These results are in excellent agreement with those of Tiedjens and Rob¬ 
bins (12) and suggest that the ammonium absorbed was rapidly converted 
into amino acids within the plants. 

According to the generally accepted theories of protein synthesis, pro¬ 
teins are built up from amino acids. If, then, it were possible for a plant 
to absorb amino acids, they should be a readily available source of nitrogen. 
Preliminary experiments (1) suggested this to be true. The glycine series 
of the present experiments has yielded further evidence. Not only did the 
glycine cultures produce vegetative growth, but over a period of several 
glycine 

weeks the ^ plants were superior in appearance to any of the other 

sand cultures, and when linear growth was measured on August 24 they 
were found to have produced practically as much stem growth as the best 
ammonium cultures, and more than any of the nitrate cultures. 

It may be suggested that within the soil solution of these cultures glycine 
was transformed to ammonium, and that as ammonium it was absorbed by 
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the plant. To be sure, the drip from these cultures was found to contain 
ammonium, but only in extremely small quantities. Moreover, the plants 
were growing better with glycine as a source of nitrogen than with am¬ 
monium at the same hydrogen-ion concentration. Also a far greater con¬ 
centration of glycine was detectable as crystals within the plant when 
glycine was present in the external medium than when it was not. It thus 
seems reasonably sure that the cranberry plants of these cultures were de¬ 
pendent upon glycine as a source of nitrogen, not upon substances that 
were formed from glycine. 

How much of the plant’s ability to utilize glycine is attributable to the 
activities of its endophytic fungus has not been determined. By way of 
comparison, several tomato plants were grown in sand culture supplied 
with nutrient solution containing nitrogen in the form of glycine, at pH 4, 
6, and 8. Over a period of several weeks all of these plants grew with 
vigor and produced good fruit. Glycine was detected microchemically in 
both roots and stems. It would thus seem that green plants, irrespective 
of mycorrhiza, may under certain conditions be able to utilize amino acids 
as a source of nitrogen. It is possible that the success of dried blood as a 
fertilizer for cranberries lies in the fact that upon disintegration it may 
yield amino acids and ammonium. 

In all of the vigorously growing sand cultures it was noticed that 
mycelium of the endophytic fungus was very conspicuous in the tissues, 
especially the parenchymatous tissues of the young stems, penetrating even 
the embryonic tip (page 648). In all of the less vigorous cultures, whether 
of the nitrate, ammonium, or glycine series, far less mycelium was evident, 
and most of it was in the granular stages of disintegration. Essentially 
similar results were noted in the minus-nitrogen series of earlier experi¬ 
ments (1). Considered collectively, these observations suggest that the 
amount of mycelium of the endophytic fungus in the stem tissues varies 
more or less directly with the vigor of vegetative growth. 

The present experiments tend to substantiate a conclusion that has been 
gathering form for several years as a result of various pieces of work, 
namely, that if under two sets of environmental conditions plants are pro¬ 
duced which in all visible respects resemble each other, these plants will 
not differ materially in histological structure or in content of elaborated 
materials. There may be minor differences, such as the concentration 
within the plant of certain mineral salts or their ions that are supplied in 

fiflvcine sdycine 

the soil solution. For example, in the p and plants of the 

current experiments, more glycine can be detected than in the plants of the 
other series; also, ammonium can be detected in plants of the ammonium 
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series but not of the others. Except for such minor differences, it would 
be impossible to distinguish histologically or microchemically between the 
most vigorously growing cultures of the glycine and of the ammonium 
series. Both could easily be distinguished from the best cultures of the 
nitrate series by their more vigorous growth, as well as by histological 
differences; but the nitrate cultures would be found to differ little histo¬ 
logically or chemically from the less vigorous cultures of the ammonium 
series. 

Summary 

1. Young cranberry plants were grown for two months in sand cultures 
supplied with nutrient solutions containing nitrogen in the form of calcium 
nitrate, ammonium sulphate, and glycine respectively. Each of the three 
series received the nutrient solution at three different hydrogen-ion concen¬ 
trations, viz. pH 4, 6, and 8. 

2. The plants that received ammonium at pH 6 and pH 8, and those 
that received glycine at pH 4 and pH 6, grew most vigorously, producing 
long stem growth, dark green foliage, and apparently healthy root systems. 

ammonium . glycine . , , , , - 

The-==-:-and the TT — plants were stunted and chlorotic. 

pH 4 pH 8 

3. The nitrate cultures producing the greatest stem growth were at 
pH 4. However, all of the nitrate cultures were inferior in vegetative 
growth to the glycine cultures at pH 4 and pH 6 and the ammonium cul¬ 
tures at pH 6 and pH 8. 

4. It is evident from these experiments that the cranberry can utilize 
several different sources of nitrogen, including nitrate, ammonium, and 
glycine. 

5. The results of the present experiments confirm the findings of 
Tiedjens and Bobbins with certain other plants, that in sand cultures 
nitrate can be utilized to best advantage in acid solutions, and ammonium 
in more nearly neutral or in alkaline solutions. Apparently the cranberry 
is capable of utilizing ammonium under slightly more acid conditions than 
are tomato and certain other plants. Of the reactions tried, glycine was 
most successful at pH 4. 

6. Soil cultures indicate that in bog soil ammonium can be used at a 
somewhat higher hydrogen-ion concentration than in sand. The difference 
may be attributable to the greater buffer properties of the bog soil. 

7. Tests indicate that in the glycine cultures of these experiments, 
glycine was absorbed as such. 

8. Mycelium of the endophytic fungus was found throughout the stem 
tissues, especially in parenchyma and in the cells of embryonic tips. The 
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amount of mycelium appears to be directly correlated with the vigor of 
vegetative growth, being abundant in the growing tips of vigorous plants 
and less abundant and partially disintegrated in less vigorous plants. 

9. Analysis of bog plants showed a correlation between degree of vege¬ 
tative vigor and concentration of fats and lipoids in the leaves, the most 
vigorously vegetative plants having the lowest concentration of ether-soluble 
substances. 

10. It is suggested that in the cranberry, as probably in other plants, 
there is little difference in histology and composition of elaborated materials 
between plants that have attained the same degree of vegetative vigor, 
although they may have been grown under different environmental con¬ 
ditions. 

Horticultural Division and Cranberry Substation, 

New Jersey Agricultural Experiment Station, 

New Brunswick, N. J. 
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RELATION OF WESTERN YELLOW PINE SEEDLINGS TO THE 
REACTION OF THE CULTURE SOLUTION 

Joseph Howell, Je. 

(with seven figures) 

Introduction 

The diversity of habitats under which western yellow’ pine (Pimis port - 
derosa Law.) grows throughout its extensive range indicates the ability of 
this species to adapt itself to many environmental conditions. Sampson 
(34) noted that the species grew best in acid soils and was stunted in alka¬ 
line soils, while Baker (4) found that soil reaction had little effect on the 
development of its seedlings. In the forests of the eastern United States 
Wherry (41) found that conifers had a predilection for the acid soils. 
Baker and Korstian (5) made an extensive study of the reaction of soils 
in the Great Basin, and found that the western yellow’ pine grew’ in soils of 
pH 7.0 to 9.0. The writer found that, in the Sierras, w’estern yellow 7 pine 
grows on soils of a reaction of pH 5.0 to 8.5. This gives a total known 
range of from pH 5.0 to 9.0, and, from all indications, does not cover the 
entire range of reaction over which the species can exist. 

Accordingly, there were three objectives in this investigation, as fol¬ 
low's: (1) To study the range of reaction (acidity and alkalinity) which 
the seedlings of western yellow pine can endure. (2) To observe the effects 
of the pH reaction on the growth and development of its seedlings. (3) To 
determine what effect the pH reaction has on the expressed sap of the seed¬ 
lings. 

Procedure 

Investigators (17, 37) have found that soil and sand cultures are unre¬ 
liable for studies of reaction, in that many other factors influence the re¬ 
sults. The greater number of investigators (7, 17, 18, 37) have, therefore, 
resorted to w’ater cultures, in which they were able to decrease the activity 
of many interfering factors. In this study water cultures w T ere used in 
order to secure as nearly as possible an equality of conditions for plant 
grow’th. Table I lists the culture media used. 

Two milliliters of 0.5 per cent, solution of ferric tartrate w r ere added to 
the original culture solution, as well as a like portion each week. The 
molar solutions wrere made up separately, using C.P. salts and ordinary dis¬ 
tilled water. The culture solution was made by diluting the required 
amounts of the molar solutions with ordinary distilled w’ater. Care was 
taken in mixing the various solutions so as to prevent the precipitation of 

(‘>57 
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TABLE I 

Composition of stock and culture solutions 


Salts 

Molar conc. 

GRAMS PER 
LITER OF 

stock solu¬ 
tion 

California 
solution ; 

MOLAR SOLU¬ 
TION PER 
LITER 

Ions 

P.P.M. 

pH op 

CULTURE 


gm . 

ml . 





Ca(NO,), ■ 4H.O 

236.2 

3.9 

Ca 

157 






K 

181 



KNO, 

101.1 

3.6 

Mg 

55 


„ IK O 

MgSO, • 7H,0 

246.5 

2.2 

NO, 

709 


• O.u 




so 4 

212 



KH 2 PO, 

136.2 

1.1 

po 4 

105 




the phosphate ion. The ferric tartrate was added after the other solutions 
had been diluted and well mixed in order to prevent the precipitation of 
insoluble iron compounds. 

Changes of solution were made every four weeks in order to prevent 
serious changes in the composition of the cultures. The pH values of the 
cultures were adjusted by the addition of measured quantities of standard 
sulphuric acid or of potassium hydroxide. The pH values were determined 
colorimetrically (8), with frequent checks with the hydrogen electrode. 
Examinations and adjustments were made daily because of the rapid 
changes in the reaction on the alkaline side of neutrality. 

TABLE II 

Maximum changes op reaction in 24 hours 


pH op solution 

* _ _ . 

Maximum 1 

CHANGE 

i 

pH op solution 

Maximum 

CHANGE 

2.7 

0.1 

7.0 

0.3 

3.0 

0.1 1 

8.0 

0.3 

4.0 

0.2 

9.0 

0.4 

4.5 

0.2 

10.0 

0.4 

5.0 

0.2 

11.0 

0.5 

6.0 

0.2 




Selected seeds of western yellow pine collected near Georgetown, Cali¬ 
fornia, germinated between sterile blotters, and selected germinated seeds 
were transferred to the water cultures. Stoneware jars of 14-liters ’ 
capacity were used as containers, and two such jars containing 35 seedlings 
constituted a set. The following pH values were used: pH 2.7, 3.0, 4.0, 
4.5, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0, and 11.0. The plants were allowed to grow 
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for a period of 133 days, at the end of which time they were harvested and 
subjected to measurement and analysis. The plant material was frozen 
prior to the physico-chemical and chemical measurements. 

In previous experiments, seedling variation had been found to be great, 
the probable error varying from ± 15 to dz 45 per cent, of the means, de- 



Fig. X. Effect of reaction on height growth. 
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Fig. 3. Curves showing effects of reaction on the pH values of the plant sap. 

pending on the measure. The measures for height growth had the smallest 
probable error; those for the green weights and dry weights showed the 
largest probable error. 



Fig. 4. March of height growth for seedlings; each curve indicates a definite pH 
reaction. 
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Results 

In tliis experiment it was found that seedlings of western yellow pine 
would exist over an extensive range of reaction (figs. 1, 2, 3, 4). The 
growth limit on the acid side was at pH 2.7, but the growth limit was unde- 



O D 


Fig. 5. Western yellow pine seedlings grown in culture ranging in pH from 2.7 
to 7.0: A, pH 2.7; B y pH 4.0; C, pH 5.0; D, pH 7.0. 
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termined for the alkaline range. However, a few plants existed in cultures 
of pH 11.0 for the term of the experiment, and this may be taken as the 
limit of growth for the alkaline range. This gives a total range of reac¬ 
tion of from pH 2.7 to pH 11.0. 

The general appearance of the plants growing in the acid solutions was 
striking when contrasted with those grown in the alkaline cultures (figs. 
5, 6). The seedlings in the acid solutions were vigorous and well developed 
while those in the alkaline cultures were stunted and chlorotic. 

Physical measurements of the seedlings were taken at the termination 
of the growth period and are presented in table III. 



A B 


Fig. 6. Western yellow pine seedlings grown in culture solutions of 9.0 and 10.0: 
A, pH 9.0; B, pH 10.0. 

Height growth measurements w r ere taken at intervals of seven days and 
present an interesting set of growth curves (fig. 4). Three distinct bands 
are formed; namely, the acid band, the alkaline band, and the single curve 
for the acid growth limit. These curves give ample evidence as to the 
efficacy of the acid cultures. The growth rate of the plants was little 
diminished at the termination of the experiment, whereas in the alkaline 
cultures the rate of growth was greatly retarded. The plants growing in 
the very acid culture (pH 2.7) had a negligible growth rate. 

The length of the tap root was affected by the reaction of the culture. 
Those in the acid media appeared healthy and vigorous, whereas those in 
the alkaline solutions were brown and thickened, with a tendency to disin- 





TABLE III 

Summary or physical and chemical measi rements of seedlings 
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* Insufficient material for examination, 
t Point of neutralization taken as pH 8.3. 









TABLE III ( Continued ) 



* Insufficient material for examination, 
t Point of neutralization taken as pH 8.3. 

% Sap mixed with that from the plants grown at pH J 0.0. 
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tegrate. The roots of the plants growing in the cultures of pH 2.7 were 
thickened and brittle. The number of lateral roots followed the same trend 
as the length of tap roots, and therefore it is reasonable to assume that they 
were dependent on this factor. 

The dry weights of plants have been considered as criteria for metabo¬ 
lism, but in this case it was not possible to obtain the dry weights. The 
green weights followed the trend of the height of tops, exhibiting the usual 
points of weakness. It was evident that the reaction of the culture medium 
influenced growth and development of the seedlings. 

Immediately after harvesting, the plant material was frozen and, for 48 
hours, held at a temperature of - 20° C. The frozen tissue W’as quickly 
thawed in hot water and the sap expressed in a small hand-press. The ex¬ 
pressed sap, refrozen, was preserved for future studies. 

The pH value of the mixed sap was determined by the hydrogen elec¬ 
trode (8), at the same time that the titration curves were made (fig. 7). 



Fia. 7. Titration curves for the plant sap from the tops and roots of plants grown 
in the cultures at pH 4.0 and 9.0. 

The pH values for the sap from the tops tended to vary from the acid to 
the alkaline side; however, the values decreased at pH 4.0, 4.5, and 5.0. 
The values for the sap from the roots followed the same trend as did those 
for the tops. In all eases the sap was found to be distinctly acid. 

The titration curves for the sap, both of the tops and the roots, form 
definite and strong buffer curves. The sap from the roots had distinctly 
less buffer action than the sap from the tops. These results showed that 
the sap of the roots was more dilute or contained less material that was 
capable of acting as a buffer. 
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The freezing-point depressions were taken with a Haidenhain ther¬ 
mometer, standardized with freshly boiled distilled water. The resulting 
data showed that the sap was affected directly or indirectly by the reaction 
of the cultures. 

The saponification number, acid number, and iodine number, all of 
which were found by using standard methods, varied and usually showed 
differences in the general trend at pH 4.5 and 7.0. The constituents of the 
sap possibly were altered as to quantity and quality. This alteration in the 
plant sap presumably affected the endurance of the plants toward the 
effects of reaction. The physiology of this point will be discussed in an¬ 
other section. 

Other measurements were made, the results of which are given in 
table III. 

A change in the pH values of the cultures was noted, with the result 
that the plants were found to influence the specific reaction. Plants are 
known to absorb ions (1, 2, 7, 19, 21, 22, 23, 24, 29, 31, 36, 37) from solu¬ 
tion and thereby change its reaction. Also, the plant may excrete ions (19, 
25) and in that way alter the pH value. Upon examination of the solu¬ 
tions for a decrease in the ions, it was found that absorption was negligible 
and could not cause any great change in reaction (table IV). The excre¬ 
tion of carbon dioxide was next studied in some detail, but the results were 
again negligible. No further examinations were made, but it was assumed 
that some organic substances were excreted by the seedlings, causing 
changes in the reaction. The magnitude of the change of reaction depends 
upon the buffer action of the solution. The potassium acid phosphate was 
the buffer agent in the solution, but this was precipitated in the alkaline 
solutions as insoluble calcium phosphate. 


TABLE IV 

Absorption of ions by the seedlings 


ION 


MlLLI-EQUIVALENTS* 


First set 

Second set 

Third set 

Mean 

Ca . 

0.180 

0.095 

0.075 

0.117 

po 4 

0.270 

0.111 

0.084 

0.155 

NO, . 

0.166 

0.055 

0.056 

0.092 


# One hundred plants for 10 hours. 


There was little doubt that the plants were instrumental in changing the 
reaction of the cultures in some manner, such as through the absorption or 
excretion of ions or molecules. 
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Certain investigators (5, 26) have stated that western yellow pine fails 
to grow when large quantities of lime are present in the soil. To deter¬ 
mine the accuracy of this statement, one set of plants was grown in a cul¬ 
ture containing no calcium; another in a culture containing an average of 
1000 p.p.m. of calcium; and a third in a culture containing an adequate 
amount of calcium, with the alkalinity produced by the addition of sodium 
hydroxide. The solutions were kept at pH 9.0. The results were not 
greatly different in all cases, but the plants growing in the solutions con¬ 
taining an excess of calcium were superior to the other two. The sodium- 
treated plants were inferior to the others. The plants, according to this 
evidence, withstood large quantities of calcium; they also could exist in a 
solution deficient in calcium. 

The leaves of the seedlings in the alkaline solutions were yellowish in 
color, and it was assumed that the plants could not assimilate and translo¬ 
cate sufficient iron (37). The metabolism of the plants seems to be dis¬ 
turbed in the alkaline media, thus producing a poor color in the leaves. 
Also, iron has been found to become insoluble after having been in solution 
for a reasonable time. 

Discussion 

Several investigators (2, 28, 30, 33, 35, 41) have casually studied the 
effects of soil reaction on forest trees, although little work has been carried 
on in detail. The opinion of European investigators is that the reaction 
of the soil is a potent factor in forest planting, natural regeneration, and 
forest production. The conifers were observed to prefer an acid reaction 
for their best growth, and soils under coniferous forests were found to be 
on the acid side of neutrality. Conifers did not do well on the alkaline 
soils, but certain tolerant species withstood an alkaline condition and com¬ 
peted with more resistant plants. 

The concentration of the soil solution (1, 2, 18, 20, 21, 22, 24, 39) is an 
important factor in plant growth. Also there must be considered the con¬ 
centration of each ion, since Hoagland (19, 21) and others have found 
that there is a minimum quantity which limits maximum growth. Small 
variations in the concentration do not appreciably affect the growth of the 
plants. The concentration of the soil solution also influences the concen¬ 
tration of the sap (23) ; it affects certain ions (36), and in turn alters the 
buffer system (24, 29). 

The hydrogen-ion concentration, having been studied in reference to 
agricultural plants (2, 40), has been found to influence the rate of growth. 
A greater number of plants prefer a slightly acid medium for their best 
growth. The seedlings of western yellow pine prefer an even greater de¬ 
gree of acidity than do most cultivated plants. The absorption of nitrates 
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(20) has been found to be greater in the acid solutions, and would, there¬ 
fore, increase the rate of growth of the seedlings. 

Consequently, the behavior of western yellow pine seedlings in prefer- 
ing acid soils is not different from that of other plants, the only difference 
being that they prefer a more acid medium. As found by Wherry (41), 
most conifers prefer an acid soil rather than a neutral or alkaline one. 

The pH value of the various plant tissues is characteristic (3, 12, 13, 
32) ; the cell sap is usually acid and the protoplasm alkaline. The mixed 
sap for the western yellow pine seedlings was decidedly acid. However, 
no examination was made of the various tissues. The mixed saps were well 
buffered, as shown by the titration curves, although slight differences are 
to be noted. The buffer system of a plant may be affected by the external 
media, according to Theron (37) and others (14, 29), and this system is 
affected by the acid and alkaline reserves in the plant. Some investigators 
have concluded that certain specific substances are responsible for the buf¬ 
fer system. In the expressed sap of the plants used in this experiment, 
large quantities of catechol tannins were found, as well as other resinous 
materials. 

The seedlings growing in the alkaline cultures were chlorotic and in 
some cases the yellow color was pronounced. Chlorosis has been attributed 
to many sources ( 11 ), but it was evident in this experiment that a lack of 
iron in the leaves was responsible. The plants either did not assimilate 
the element properly or failed to translocate it after assimilation. The 
kind of iron compound (9, 11, 38) and the type of iron have great influence 
on the ability of the iron to remain in solution. Even with the best of care 
it was not possible to relieve the situation. This appearance of the seed¬ 
lings can be used as an indicator of adverse alkaline soils. 

As has previously been stated, the plants were capable of changing the 
pH value of the culture medium, although the change was usually slight, 
except in the alkaline cultures. By what process the seedlings changed the 
reaction of the solutions remains unknown. Their ability to bring about 
this change does not mean that the plants would effect any great change in 
so well buffered a medium as the soil. 

The constituents of the sap of the plants determine to some extent their 
ability to withstand environmental factors. Plants w r ith a sap that is 
highly buffered will usually withstand a wide range of conditions. There 
are in evidence points which investigators (2, 16) have designated as iso¬ 
electric. In this case these points are at pH 4.5 and 7.0, and they were 
noticeably inferior to those in the cultures of lower and higher pH values. 
Plants subject to these conditions would therefore be inferior and less 
likely to withstand competition. 
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The hydrogen ion (7, 10, 27) has been considered more toxic than the 
hydroxyl ion, but it has been shown in this experiment that the reverse is 
true. Since such is the case in this study, the best forests should be in the 
regions of slightly acid soils, and the seedlings produced in alkaline mate¬ 
rials would be inferior in form and color. 

Hesselman (15) concludes that soil acidity is closely related to the 
form of available nitrogen. In this case then the plants should assimilate 
nitrogen in larger quantities in the acid solutions; and since the quantity 
of nitrogen used by western yellow pine seedlings is small, there should be 
little danger of competition. 


Summary 

1. Western yellow pine seedlings prefer an acid medium for their best 
growth. 

2. Under field conditions other factors may have more influence on 
growth than the soil reaction. 

3. The osmotic pressure of the sap indicates that soil reaction affects 
the seedlings as well as do certain other factors. 

4. The buffer system of the seedlings is dependent on the organic ma¬ 
terials found in the sap as well as on the inorganic substances. 

5. The ability of the seedlings to change reaction is not to be construed 
as an effective measure in reducing soil alkalinity. Debris from the forest 
cover may be more effective because of the relatively high resin content. 

6. Calcium is not deleterious to the seedlings. The fact that the plant 
does not assimilate the ion in alkaline soils may be of more importance. 

7. The seedlings withstand a diversity of conditions, especially in re¬ 
gard to soil acidity and alkalinity. 

University or California, 

Berkeley, California. 
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ABSORPTION OP OXYGEN BY ROOTS WHEN THE SHOOT 
IS IN DARKNESS OR IN LIGHT 

W. A. Cannon 

The writer has observed a variation in the oxygen content of the sub¬ 
stratum of roots which appears to be related to certain of the environmental 
conditions of the shoot, especially to light and darkness, to temperature and 
to the relative humidity, or to the rate of evaporation. It had been observed 
previously, also, that there might be a direct relation, at least in time, be¬ 
tween root growth and the lighting conditions of the shoot, 1 although in 
the preliminary experiments here referred to no relation was found between 
the rate of root growth and the moisture condition of the air. The present 
paper gives an account of experiments on the possible relation of the shoot 
to light and darkness and the variation of the oxygen content of the root 
environment. 

As to the results, it can be premised that they suggest the probability 
that roots may obtain the oxygen used by them from at least two sources, 
namely, (1) from their immediate environment and (or) (2) from the 
shoot. In the latter event it is probably to be regarded as a product of 
photosynthesis. Thus, in the root, and also in the plant as a whole, 
autoaeration may in part obtain. Oxygen presumably derived from 
photosynthesis has, for convenience, been referred to as “internal’’ oxygen 2 
and may be an important feature in the aeration of the tissues of all green 
plants. 

Experiments 

The experiments which are summarized in this paper were carried out 3 
in March-September, 1931 and 1932, at Stanford University. Although in 
the course of the work several species were used, the number was finally 
reduced to two, namely, a willow (Salix laevigata Bebb) and the sunflower 
(Helianthus annuus L.). The former occurs along water courses on the 
campus of the University and the latter was obtained in a local market; 
the variety is not known. 

Water cultures were used. The plants were grown in Knop’s solution 
but were transferred for tests to distilled water. This was done because 

1 Cannon, W. A. Year Book, Carnegie Inst. Washington, no. 24, 1925; no. 30, 1930; 
Physiological features of roots, Pub. no. 368, Carnegie Inst. Washington; and On the 
variation of the oxygen content of culture solutions. Science 75: 108—109. 1932. 

2 Beardsley, G. F., and Cannon, W. A. Note on the effects of a mud-flow at Mt. 

Shasta on the vegetation. Ecology 11: 326-336. 1930. 

3 The study was carried on at Stanford University with assistance of grants from 
the American Association for the Advancement of Science, in 1931, and the National 
Research Council, 1932. 
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in the Winkler method, which was used, nitrites interfere with determina¬ 
tion of oxygen; and when Knop’s solution stands for some time, nitrites 
appear in sufficient amount to invalidate the determinations. 

The plants were kept in one-quart fruit jars which were made light¬ 
tight and which were well sealed. Each jar carried a thermometer, inlet 
and outlet tubes, and one or more plants. The tubes were closed with a 
short piece of rubber tubing and a pinclicock or clamp. The most satis¬ 
factory inlet tube was a small calcium chloride drying tube which was 
provided with a rubber stopper with one hole carrying a capillary tube. 
This arrangement accomplished two ends; it permitted the detection of 
defective sealing, and provided water to replace that taken up by the plant. 
When it was desired to have a solution with no oxygen (or very little) 
at the beginning of any test, this was accomplished by utilizing the solution 
in which a plant, such as a willow, had been growing in darkness for a 
period of 12 hours or more. By appropriate arrangement of the cultures 
it was possible to withdraw the water and run it into experimental jars 
without appreciable admixture of oxygen from atmospheric air. 

In general the method of conducting the experiments was to keep the 
plants under observation in darkness or in light for equal periods, usually 
from 1.5 to 3 hours. During the light period, preferably at midday, the 
plants were directly exposed to sunlight; or they were shaded lightly by 
wire-mesh screens; or they were covered with a bell glass which was placed 
either in direct sunlight or under the screens. When bell glasses were 
used, cooling was effected by running water. The results from artificial 
lighting were entirely negative, and no report is given of such experiments. 

The Thompson-Miller apparatus for the micro-determination of dis¬ 
solved oxygen by Winkler’s method was used. 4 The only change in the 
apparatus found advisable was the introduction of a glass bead into the 
sample chamber to assist in the mixing of the ingredients. 

The sample chamber had a capacity of about 5 cc. but it usually varied 
very considerably so that calibration was necessary. 

In tables I and II are given the most important data derived from the 
study of willow and sunflower. The willows were cuttings which had been 
rooted and were kept in a nutrient solution except during actual tests. 
The sunflower seedlings were treated similarly. 

* Ind. & Eng. Chem. 1938. See also Snoke, A. W. The determination of dissolved 
oxygen with the miero-Winkler apparatus of Thompson and Miller. Ecology 10; 163- 
164. 1929. A further account is by Zimmerman, Bept. and Proc. IXth International 
Congress, London, 7th to 15th August, 1930. For the general method see Sutton's 
Volumetric analysis, p. 480. 1924; Standard methods of the examination of water and 

sewage, 2d ed., 1912, American Public Health Assoc.,* and the critique by Alsterbero, 
G. Die Winklersche Bestimmungsmethode fur in Wasser gelbeten, elementaren Sauer- 
stoff sovie ihre Anwendung bei Anwesenheit oxydierbarer Substanzen. Biochem. 
Zeitschr. 170; 30-75. 1926. 
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TABLE I 

Amount or oxygen removed by roots prom distilled water when the shoot had 

BEEN IN DARKNESS OR IN SUNLIGHT FOR GIVEN PERIODS OP TIME 
I. Heliantlius animus* 


Exp. no. 

Temperature 

Time period 

Oxygen consump¬ 
tion PER LITER 

Con¬ 

trol 

Cul¬ 

ture 

Air 

Dark¬ 

ness 

Sun¬ 

light 


°C. 

° C . 

°C. 


mg . 

mg . 

1 

21.5 

24.5 

25.5 

8 to 10 A. M. 


2.94 


21.5 

23.0 

22.5 

11 A. M. to 2 P. M. 

1.91 



24.0 

24.5 

24.0 

2 P. M. to 5 P. M. 


2.40 

2 

21.5 

22.0 

22.5 

8 to 11 A. M. 

4.40 



21.5 

25.5 

30.0 

11 A. M. to 2 P. M. 


0.00 


24.0 

23.0 

23.2 

2 to 5 p. m. 

2.56 


3 

39.5 

24.5 

25.0 

8 to 11 A. M. 


2.80 


21.0 

23.0 

23.0 

31 A. M. to 2 P. M. 

1.68 



25.0 

25.0 

23.5 

2 to 5 P. m. 


0.40 

4 

19.5 

21.5 

22.0 

8 to 11 A. M. 

2.06 

1 . . 


21.0 

25.0 

33.0 

11 A. M. to 2 P. M. 


; 2.36 


25.0 

23.5 

25.0 

2 to 5 P. M. 

1.41 

i 

5 

19.0 

22.0 

22.0 

8 to 11 A. M. 

| 0.84 



23.0 

24.0 

23.0 

11 A. M. to 2 P. M. 

1 j 

2.23 


26.0 

24.0 

23.0 

2 to 5 P. M. 

2.55 


6 

19.0 

22.5 

22.0 

8 to 11 A. M. 


2.75 


23.0 

23.0 

23.0 

3 3 A. M. to 2 P. M. 

2.20 



26.0 

23.5 

22.5 

2 to 5 P. M. 


3.02 

7 

3 8.0 

19.5 

27.0 

8 to 30 A. M. 

0.17 



18.5 

21.0 

24.0 

10 A. M. to 12 M. 


0.00 


21.5 

21.0 

24.0 

12 M. to 2 P. M. 

0.40 



23.0 

21.0 

24.0 

2 to 4 p. m. 


1.29 


23.5 

21.5 

3 8.5 

4 to 6 P. M. 

0.49 


8 

18.0 

21.5 

20.0 

8 to 10 A. M. 


0.39 


18.5 

20.5 

20.0 

10 A. M. to 12 M. 

0.88 



21.5 

21.5 

24.0 

12 M. to 2 P. M. 


0.00 


23.0 

22.0 

21.0 

2 to 4 p. M. 

2.64 



23.5 

20.5 

24.0 

4 to 6 P. M. 


3.14 

9 .. 

18.5 

21.0 

22.5 

8 to 11 A. M. 

3.47 



20.0 

26.0 

24.0 

11 A. M. to 1 P. M. 


1.91 

10 .. . 

18.5 

21.0 

22.5 

8 to 11 A. M. 

2.71 



20.0 

25.0 

24.0 

11 A. M. to 2 P. M. 


1.15 

11. 

16.0 

20.5 

21.5 

8 to 11 A. M. 

3.58 



18.0 

24.5 

24.0 

11 A. M. to 2 P. M. 


2.35 

12 .. 

16.0 

20.5 

21.5 

8 to 11 A. M. 

2.37 



18.0 

24.5 

24.0 

11 A. M. to 2 P. M. 


1.36 


* The shoot was kept under a bell glass when exposed to the light and also either 
under a bell glass or under a tight cover when in the dark. In any case the atmosphere 
about the shoot was saturated, or nearly so. 
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TABLE I— (Continued) 



Temperature 

Time period 

Oxygen consump¬ 
tion PER LITER 

Exp. no. 

Con¬ 

trol 

Cul¬ 

ture 

Air 

Dark¬ 

ness 

Sun¬ 

light 


°C. 

°C. 



mg. 

mg. 

13 .. .. 

15.0 

18.5 

21.5 

8 to 31 A. M. 

4.39 



18.0 

24.0 

24.0 

11 A. M. to 2 P. M. 

. 

1.86 

14 . .. 

3 5.0 

18.5 

21.5 

8 to 13 A. M. 

1.87 



18.0 

24.0 

24.0 

11 A. M. to 2 P. M. 

, 

0.00 

15 . . 

16.5 

19.0 

19.0 

8 to 11 A. M. 

2.53 



17.0 

23.0 

20.5 

11 A. M. to 2 P. M. 


1.19 

16. 

16.5 

19.0 

19.0 

8 to 11 A. M. 

1.92 



17.0 

23.0 

20.5 

31 A. M. to 2 P. M. 1 


3.64 

17. ... 

11.5 

17.0 

20.0 

8 to 11 A. M. 

4.18 



13.5 

24.0 

21.0 

11 A. M. to 2 P. M. 


1.24 

18 . 

11.5 

3 7.0 

20.0 

8 to 11 A. M. 

2.27 



13.5 

19.5 

21.0 

11 A. M. to 2 P. M. 


1.37 

19 . . 

34.0 

3 7.5 

20.0 

8 to 13 A. M. 

2.83 



15.0 

22.0 

15.0 

11 A. M. to 2 P. M. 


2.53 

20 

14.0 

3 7.5 

20.0 

8 to 13 A. M. 

1.62 



15.0 

22.5 

22.0 

11 A. M. to 2 P. M. 


0.72 

21 

17.0 

18.0 

39.5 

8 to 31 A. M. 

2.93 



17.0 

23.0 

24.0 

11 A. M. to 2 P. M. 


4.71 

22. ... 

3 8.0 

19.5 

25.0 

8 to 11 A. M. 

3.03 



18.0 

23.0 

24.0 

11 A. M. to 2 P. M. 


2.90 

23 

18.0 

19.5 

25.0 

8 tO 11 A. M. j 

2.49 



18.0 

24.0 

24.5 

13 A. M. tO 2 P. M. 


2.70 

24 

18.0 

19.5 

25.0 

8 to 11 A. M. 

2.70 



18.0 

24.0 

24.5 

11 A. M. to 2 P. M. 


1.89 

25 

23.8 

23.5 

26.5 

8 to 10: 30 A. M. 

5.60 



20.5 

20.0 

26.5 

11: 30 A. M. to 2 P. M. 


6.27 

26 

18.8 

23.0 

23.0 

8 to 9: 30 A. M. 

4.53 



21.7 

23.0 

23.9 

9: 30 to 11 A. M. 


4.02 


23.5 

23.5 

25.0 

12: 55 to 2: 25 P. M 


4.78 


Discussion 

This study is concerned with the rate at which roots absorb dissolved 
oxygen when the shoot is either in darkness or in light, especially in direct 
sunlight. Twenty-six experiments were carried out on the sunflower and 
twenty-seven on rooted willow cuttings. Of the 53 experiments summarized 
in tables I and II, 60 per cent, showed a slower rate of oxygen consumption 
by the roots when the shoot was in sunlight. In the sunflower the rate was 
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TABLE II 

Oxygen removed by roots from distilled water when the shoot had been in dark¬ 
ness OR IN SUNLIGHT FOR GIVEN PERIODS OF TIME 


II. ScUix laevigata 


Exp. no. 

Temperature 

Time period 

Oxygen consump¬ 
tion per liter 

Con¬ 

trol 

Solu¬ 

tion 

Air 

Dark¬ 

ness 

Light 


°C. 

°C. 

°C. 


mg. 

mg. 

27 

23.4 

23.0 


8 to 11 a. m. 

4.12 



22.2 

22.0 


31 A. m. to 2 P. M. 


3.75* 

28 

24.0 

24.0 


8 to 11 A. M. 

4.14 



24.8 

24.5 

22.2 

13 A. M. to 2 P. M. 


5.32* 

29 

24.0 

24.0 


8 to 11 A. M. 

3.26 



24.0 

24.0 


11 A. M. to 2 P. M. 


1.71* 

30 

24.6 

22.5 


8 to 11 A. M. 

3.18 



21.5 

21.0 


11 A. M. to 2 P. M. 


2.66* 

31 

22.0 

22.0 


8 to 11 A. M. 

5.90 



23.0 

22.0 


11 A. M. tO 2 P. M. 


4.70* 

32 

23.5 

22.5 


8 to 11 A. M. 

4.40 



22.7 

23.0 


11 A. M. tO 2 P. M. 


5.60* 

33 

23.0 

22.5 


8 tO 11 A. M. 

3.82 



26.0 

24.0 


11 A. M. tO 2 P. M. 


4.42* 

34 

22.8 

23.0 


8 to 11 A. M. 

1.19 



23.7 

24.0 


| 11 A. M. tO 2 P. M. 


1.12* 

35 

22.5 

22.0 

24.5 

' 8 to 11 A. M. | 

6.93 



22.0 

22.5 

23.9 

11 A. M. to 2 P. M. i 

j j 


7.38* 

36 

23.0 

22.5 

22.5 

8 to 9: 30 A. M. l 

6.04 



22.5 

1 23.0 


9: 30 to 13 A. M. 


5.20* 


23.3 

23.5 

26.7 

12: 30 to 2 P. M. 


5.44* 

37 

22.7 , 

22.0 

! 22.0 

8 to 9: 30 A. M. 

5.32 



, 22.8 

23!o 


9: 30 to 11 A. M. 


5.44* 


| 22.0 | 

22.0 

25.0 

1 to 2: 30 P. M. j 


4.48* 

38 

23.4 

23.4 

23.4 

8 to 10 A. M. | 

5.62 



23.0 

24.4 


10 A. M. to 12 M. 


5.12* 


24.2 

22.5 


12 M. to 2 P. M. 1 


5.58* 


23.3 

22.5 


2 to 4 P. M. 

1 


5.96* 

39 

21.5 

21.0 

21.0 

8 to 9: 30 A. M. 

4.42 



! 20.0 

21.0 

22.2 

9: 30 to 11 A. M. 


3.43* 


21.6 

21.5 

23.3 

1 to 2: 30 P. M. 


4.00* 

40 

20.8 

20.0 

23.0 

9 to 10: 30 A. M. 

3.24 



21.0 

21.0 

17.2 

10: 30 A. M. to 32 M. 


5.30* 

41 . . 

21.5 

21.5 

21.5 

8 to 9: 30 A. M. 

4.25 



20.5 

21.5 

23.9 

9: 30 to 11 A. M. 


5.22b 


22.7 

26.0 

24.4 

i 

12: 30 to 2 P. M. 


! 5.52 
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TABLE II—( Continued ) 


Exp. no. 

Temperature 

Time period 

Oxygen consump¬ 
tion PER LITER 

Con¬ 

trol 

Solu¬ 

tion 

Air 

Dark¬ 

ness 

Light 


°C. 

°C. 

°C. 


mg. 

mg. 

42 

22.2 

22.5 


8 to 9: 30 a. M. 

3.58 



22.8 

21.5 

23.3 

9: 30 to 11 A. M. 


3.29b 

43 .. . 

22.5 

22.0 


8 to 11 A. M. 

5.82 



21.5 

22.0 

23.3 

11 A. M. to 2 P. M. 


5.25b 

44.. . . 

22.3 

22.0 


8 to 11 A. M. 

5.89 



22.0 

22.0 

24.4 

11 A. M. to 2 P. M. 


5.11b 

45 .. 

20.5 

20.5 

20.5 

8 to 11 A. M. 

5.30 



18.1 

20.5 

22.2 

11 A. M. to 2 P. M. 


5.18b 

46 

20.3 

20.0 

23.0 

8 to 11 A.M. 

5.92 



19.1 

21.5 

25.0 

11 A. M. to 2 P. M. 


6.61 

47 . . 

20.5 

20.5 

22.5 

8 to 11 A. M. 

6.71 



19.1 

20.0 

23.3 

11 A. M. to 2 P. M. 


6.24 b 

48 .. 

20.3 

20.0 

23.0 

8 tO 11 A. M. 

5.94 

1 


22.3 

21.0 

20.6 

11 A. M. tO 2 I». M. 


5.79* 

49 

20.5 

20.0 

22.7 

8 tO 11 A. M. 

6.43 



22.3 

21.0 

28.9 

11 A. M. tO 2 P. M. 


| 6.96* 

50 

20.8 

20.2 

23.0 

8 to 11 A. M. 

5.90 



22.9 

24.0 

23.3 

11 A. M. tO 2 P. M. 


6.50b 

51 . 

20.7 

20.4 


8 to 11 A. M. 

7.09 



24.0 

25.5 

27.6 

11 A. M. to 2 P. M. 


6.40b 

52 . 

24.2 

24.0 

24.5 

8 tO 11 A. M. 

7.14 



22.0 

22.0 

24.4 

11 A. M. tO 2 P. M. 


6.79b 

53 . 

23.3 

23.0 

22.0 

8 to 9: 30 A. M. 

5.30 



19.0 

22.0 

25.6 

9: 30 to 11 A. M. 


6.11b 


* When the asterisk appears it signifies that the shoot was exposed directly to sun¬ 
light. 

bWhen the letter b follows, it means that a bell glass was used over the shoot; 
otherwise the experiment was carried out in sunlight the same as in darkness. 

reduced in 69 per cent, of the cases and in the willow in 59 per cent. A 
correlation therefore appears to obtain between the lighting conditions of 
the shoot and the rate of absorption of oxygen from the solution by the 
roots. 

That there may be a shoot-root relation as regards oxygen absorption by 
roots is suggested by other observations. For example, when the possible 
effects of temperature and the evaporating power of the air were taken 
into account, no slowing of the rate was observed when the shoot was in 
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darkness, or in a well lighted room, or in the shade of a tree, or on days 
with weak sunlight, or in the early forenoon, or in the late afternoon. 

It appears, therefore, that in addition to proper conditions of illumina¬ 
tion at least two other factors must be favorable in order to bring about the 
retardation of the rate of oxygen absorption. Inasmuch as the consumption 
of oxygen by the roots is a feature of respiration, it would be expected that 
its rate would depend in part, at least, on temperature. An increase in 
temperature would operate in the direction of increasing the rate of 
respiration, and a temperature decrease would have the opposite effect. 
That is to say, in the present instance the former temperature condition 
would induce a relatively rapid rate of absorption of oxygen by the roots 
while the latter condition would have a retarding effect. And such effects 
were noted. In addition, the temperature must be specifically favorable 
for the most active rate of respiration, which probably means that the 
temperature optima for the two species here used would not be the same, 
that of the willow being somewhat lower. Such conditions were recognized 
as being of importance in connection with the study, and as accounting for 
the effects of temperature, whichever way operating. Yet it was found that 
when temperature was favorable, and when the humidity of the air also 
was favorable, there was usually the slowing effect above noted, provided 
the shoot was properly illuminated. 

It will be 'well here to speak of the effects of rapid evaporation on the 
absorption of dissolved oxygen by roots. Data from one or two experiments 
will illustrate this. Thus in one experiment with willow, the shoot was 
exposed to direct sunlight from 9 a. m. to 3 p. m. Prom 11 A. m. to 1 p. m. 
a current of air from a small electric fan was caused to play on the shoot. 
During the period when the fan was in use the rate of oxygen absorption 
increased about 50 per cent. In another and similar experiment the in¬ 
crease was about 200 per cent. In general it was found that when the rate 
of evaporation was fairly high, as often is the case in summer in this 
vicinity, the rate of oxygen absorption by the roots was relatively rapid. 
For this reason when the experiments were carried on in sunlight, negative 
results were often obtained; that is, there was no decrease in the rate of the 
consumption of oxygen by the roots. In many experiments with the willow, 
however, especially those in early spring, there was found to be a decrease 
in the rate of consumption of oxygen with the shoot in sunlight, notwith¬ 
standing the moderate evaportion rates then obtaining. But in no case, 
when the shoot was wilted, was there a slowing of the rate of oxygen 
absorption. The relation between the dryness of the air and the high rate 
of absorption of oxygen by roots was so constant that it was usually found 
necessary to protect the shoot with a bell glass. It can be said, therefore, 
that whenever the dryness of the air, or the temperature of the air or of the 
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solution did not prevent, there was a distinct slowing of the rate of the 
removal of oxygen from the solution by the roots during the period in which 
the shoot was exposed to the sunlight. 

In addition to the foregoing, the work of Cerighelli 5 might be cited 
as supporting the main thesis here advanced, although it is but fair to say 
that the interpretation of the results of that author are my own. 

Cerighelli studied the respiration of the roots of different species of 
plants under different conditions. The following table, compiled from his 

C0 2 

results, summarizes the carbon dioxide-oxygen ratios, -, expressed 

decimally, with the shoot in darkness and in light, as well as in dry and 
moist air. 


Plant 
Zea mays 
Lupinus albus 
Micinus communis 

n tt 


Malva sylvestrum 
n 

Phaseolus multiflorus 


Darkness 

0.68 

0.60 

0.88 

0.91 

Shoot in dry air 
0.19 
0.20 
0.37 


Light 

1.11 

0.80 

1.07 

1.00 

Shoot in moist air 
0.62 
0.66 
0.56 


It appears, therefore, that Cerighelli found that there was relatively 
more oxygen consumed by the roots when the shoot was in the dark and also 
when it was in dry air, as opposed to the relatively small consumption when 
the shoot was in the light and also when in moist air. He accounts for the 
apparently, and perhaps actually, larger evolution of carbon dioxide, when 
the shoot is in light, on the assumption that “le gaz carbonique circulerait 
de la feuille a V organe souterrain, ’’ as indicated by the larger ratio in 
light. But he gives no explanation of the analogous condition when the 
shoot is in moist air. 

The interest centers in the variation in the carbon dioxide-oxygen ratios 
under the conditions of darkness and of light. Variation in intensity does 
not affect this ratio. As regards the difference in the ratios under the dark 
or light conditions, it is evident that two quite unlike processes may be 
dealt with. In the first case the only available oxygen to the roots, and 
probably also to the shoot, is the atmospheric oxygen either of the soil or 
dissolved in the solution containing the roots, or that of the atmosphere it¬ 
self. But in the second case there is, in addition, the oxygen which may 
originate in the green tissues through photosynthesis. Should this oxygen, 

» Cerighelli, R. Recherches physiologiques sur la respiration de la racine. An- 
nales de la Faculty des Sciences de Marseille. 1921. 
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or a portion of it, remain within the plant and move away from the chloro¬ 
phyll-bearing organs, it would play a part in the aeration of the plant, 
whether stem or root. In this event an apparent or an actual decrease in 
the consumption of oxygen by roots might be expected to take place. And, in 
fact, this would be indicated by an upset in the carbon dioxide-oxygen ratio 
by which the proportion of carbon dioxide given off exceeds that of oxygen 
taken in, as Cerighelli found. The ratio would thus be a large one owing 
not to a necessarily larger evolution of carbon dioxide but to a relatively 
small absorption of oxygen from the root substratum, for the reason that a 
portion of the oxygen used in respiration, during the periods of light, 
originated, as above suggested, within the plant itself. Thus to this extent 
the plant is autoaerated. In the present study a decrease in the rate of 
oxygen consumption under such conditions was determined, but in that of 
Cerighelli a larger ratio was found. Thus the two investigations appar¬ 
ently supplement each other and point to the same conclusion. 

The finding of Cerighelli also that in dry air the ratio is smaller than 
when the shoot is in moist air harmonizes with the results of the present 
study, as will be concluded from data presented earlier. That is to say, 
it was found that the rate of absorption of oxygen by roots, in appropriate 
light, and with favorable temperature conditions was, however, greatly in¬ 
creased with increase in the rate of evaporation. Attention should be called 
here to the following facts, it is known that the rate of photosynthesis 
is more rapid in turgid than in flaccid leaves. Also it was found, when 
the water content of the leaves of Bidens tripartita was reduced to about 
44 per cent., that the rate of photosynthesis was reduced from 53 to 78 per 
cent., and, in Phlomis pnngens a reduction of 34 per cent, in the water 
content brought about a 13 per cent, reduction in the rate of photosyn¬ 
thesis. 0 From the present point of view the most interesting feature of 
these relations is the decrease in the rate of formation of oxygen which 
would accompany a reduced rate of photosynthesis, and thus a possible 
diminution in the amount of oxygen directly available to the plant, in¬ 
cluding the roots. The possible chain of events leading to this would in¬ 
clude, among other features, (1) an excessive demand by the leaves on the 
roots for water leading to an inadequate supply; (2) a diminution in the 
water content of the parenchyma including the chlorenchyma; (3) the 
closing of the stomata; and (4) a diminution in or a cessation of the intake 
of carbon dioxide. There would be a decrease or a cessation of photo¬ 
synthesis, and with it a diminution or complete stoppage of the formation 
of oxygen as a photosynthate. The closing of the stomata would also 
directly affect transpiration and possibly all molar movements within the 
e Miller, E. 0. Plant Physiology, p. 467. 1931. See also Spoehr, H. A. Photo¬ 

synthesis. p. 153. 1926. 
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plant; and therefore the diffusion of oxygen from the chlorophyll-bearing 
organs to the stem and to the roots would cease, or occur at a slow rate. 
Thus there would be less oxygen available to th§ roots and there might be, 
as appears to occur, a correspondingly large demand on the substratum to 
make up the deficiency. This would not only bring about a relatively 
large loss of oxygen from the substratum (or, in this case, the solution), but 
it might, as Cerighelli showed, result in a relatively small carbon dioxide- 
oxygen ratio. 

It thus appears probable from the results of the present study, as well as 
from those of Cerighelli, that a green plant may derive a portion of the 
oxygen used by it in oxidative processes from the shoot when the latter is 
in light of appropriate intensity, when the temperature is suitable, and 
when the evaporation conditions affecting the shoot are not intense. It is 
probable, therefore, that the root as well as the shoot is to a certain degree 
autoaerated. Oxygen of such derivation may for convenience be called 
“internal” oxygen, as opposed to atmospheric oxygen which enters the 
plant, including the root, without organic transformation. 

The evidence given in earlier paragraphs that this internal oxygen may 
supplement atmospheric oxygen in the aeration of the roots, and of the 
stem, is, of course, inferential. There appears little experimentation bear¬ 
ing directly on the subject. Of these the most familiar is that with 
Elodea in which the cut end of the stem gives off oxygen when the shoot is 
in sunlight. But it was also shown in earlier studies by the writer that 
oxygen may*pass from the shoot to the root under appropriate environ¬ 
mental conditions, especially with good light. 7 To secure more positive 
evidence a few experiments along the same lines were carried out in con¬ 
nection with this study. Pending further work, the leading results to this 
time may be briefly presented. Sunflower plants and cut leafy branches 
of apricot were tested with the root, or the cut end of the stem, in oxygen- 
free distilled water. The experiments were carried on in general quite as 
those already reported. It was found in several experiments that there 
was an increase in the oxygen content of the cultures coincident with the 
exposure of the shoot to sunlight. 

Although the experiments just summarized are, as suggested, of an in¬ 
troductory nature, they appear to indicate (1) that the partial pressure 
of oxygen of the stem, and probably also of the root, may increase when 
the plant is in sunlight; and (2) that at the same time this oxygen may 
escape into the substratum surrounding the root. It was shown earlier 
in this paper also that the rate of the consumption of oxygen by the root, 

7 Cannon, W. A. Year Book, Carnegie Institution of Washington, no. 24. p. 292. 
1925. 
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for parallel time periods, might be less when the shoot is in sunlight than 
when it is in darkness. 

It has already been stated that positive results were not always had 
from the exposure of the shoot to sunlight. Thus not only must tempera¬ 
ture and humidity be taken into account but certain features of light as 
well. Thus the length of exposure to light may be too short, or it may be 
too early in the morning or too late in the afternoon, or it may precede a 
period of darkness of equal length, or it may be too long. In the last case 
the period of most favorable rate of photosynthesis has been passed and in 
the next preceding case there may be photosynthetic oxygen in the tissues 
in sufficient quantity to influence the readings for the dark period. But in 
the instances first postulated the reasons for negative results are obvious. 
Although not investigated from the present point of view, it is not unlikely 
that different species may show unlike reactions to the light variations above 
mentioned. 8 However this may be, it appears that the processes associated 
with photosynthesis start promptly upon exposure of the shoot to light.® 
Where this feature makes itself evident in the stem, as indicated by the 
early appearance of oxygen in the cut branches of apricot, or by the early 
escape of oxygen from the root of the intact sunflower, it connotes a fairly 
rapid movement of oxygen from the chlorophyll-bearing tissue to relatively 
distant organs. This presents no difficulty, however, as movement of water 
and of solutes in the direction of, or against, the transpiration stream, and 
laterally as well, is known to occur, 10 although the details of the picture at 
least as regards oxygen translocation remain to be filled in. 

Such considerations suggest the desirability of studies on the aeration 
of plant tissues. Oxygen so used appears to have a multiple origin. It 
may enter the plant as a gas directly from atmospheric air, or it may enter 
the roots dissolved in soil water, or it may arise as a product of photosyn¬ 
thesis. Thus oxygen from the substratum may conceivably aerate the 
root and perhaps the stem, and that from atmospheric air may aerate the 
stem and perhaps the root, and photosynthetic oxygen may perhaps aerate 
both stem and root. What the relative amount of oxygen taking its origin 
from the several sources, or in the different ways, may be, is quite 
problematical. It would surely vary with conditions and it may vary with 

s Garner, W. W., and Allard, H. A. Effect of the relative length of day and night 
and other factors of the environment on growth and reproduction in plants. Jour. Agr. 
Res. 18: 553-606. 1920. Also Adams, J. Relation of flax to varying amounts of 

light. Bot Gaz. 70: 153-156. 1920, and later studies. 

» C/. Clements, H. F. Hourly variations in carbohydrate content of leaves and 
petioles. Bot. Gaz. 89: 241-272. 1930. 

10 Cf. Peirce, G. J. The physiology of plants, p. 133. 1926, and Miller, E. C. 

Plant Physiology, p. 669. 1931, for statements of the current views on movement of 
materials in plants. 
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the species. Certainly different species may not have the same light re¬ 
quirements, or the same oxygen requirements, and the possibility is 
that the two may be more closely related than is now commonly supposed. 
And, finally, it may well be that such specific differences in relation to 
oxygen in aeration may be important links in the chain of factors and 
events by which many species are adjusted to their special environment. 

Stanford University. 



COMPARISON OF EXISTING METHODS FOR THE DETERMINA¬ 
TION OF AMMONIA NITROGEN AND THEIR ADAPT¬ 
ABILITY TO PLANT JUICE 1 

Frank S. Schlenker 
(with one figure) 

Introduction 

In 1927 Gilbert and Hardin (4), and later Gilbert and Smith (5), 
published data showing that there is a correlation between soil fertility and 
the chemical composition of expressed plant juice. McCool and Weldon 
(7) and Pettinger (8) in more recent work have substantiated the findings 
of Gilbert et al. The juice work of the Rhode Island workers has recently 
been extended to include the estimation of a number of the nitrogenous frac¬ 
tions. This has necessitated a study of methods, since the present chemical 
procedures used in plant work have been developed for water or alcoholic 
extracts of plant tissue. Accordingly the method for the determination of 
ammonia was chosen for adaptation to expressed juices, for the estimation 
of this plant constituent is one of the most frequent determinations made 
in the study of plants at this station. 

Analytical methods 

The initial ammonia methods used were those of Folin and Bell ( 2 ), 
the procedure as recommended by the Committee on Methods of Chemical 
Analysis of the American Society of Plant Physiologists (1), and that of 
Vickery and Pucher ( 10 ). 

The first method involves the shaking of the sample with permutit 
which takes up the ammonium ion by means of a base-exchange reaction, 
and the subsequent liberation by sodium hydroxide; the second, aeration 
after making strongly alkaline with 52 per cent, potassium carbonate; and 
the third, an 8-minute distillation with heat after the addition of heavy 
magnesium oxide. In the final portion of the investigation, Van Slyke's 
(9) aeration-distillation method, using a saturated calcium hydroxide solu¬ 
tion for the neutralizing agent, was employed. With the exception of 
Folin and Bell's technique which requires Nesslerization, the ammonia of 
the remaining procedures can be estimated either by the use of titration 
methods or Nessler’s solution. The procedure of the Vickery and Pucher 
method was slightly modified. The use of permutit to remove ammonia 
from the distillate was discarded since no interfering substance, as nicotine 

i Published by permission of the Director of the B. I. Agricultural Experiment 
Station as Contribution no. 425. 


685 



686 


PLANT PHYSIOLOGY 


in the original procedure, distills with the ammonia from plant juices. In 
addition the distillation was carried on by the use of an electric hot plate. 
By using an electric plate the amount of heat can be regulated more easily 
than with a micro-burner. 

Materials. —The plants for this study were obtained from the plats of 
the agronomy farm and from the college greenhouse. The leaves were 
treated as recommended by Freak (3), except that after being wrapped 
as tightly as possible in cheesecloth they were placed in the carbo-freezer 
and frozen by a direct stream of carbon dioxide rather than indirectly by 
dry-ice cakes. After complete thawing the juice was expressed in a hy¬ 
draulic press. 

Experimental 

In order to obtain an idea of the composition of the material to be used, 
a few miscellaneous determinations were made; that is, the weight of 5 ml. 
of juice, the hydrogen-ion concentration, ash, the approximate ammonia 
content of mesophyll and midrib tissue were secured (table I). Mesophyll 


TABLE I 

Determination op some juice constituents (beets) 



Weight op 5 ml. 

OP JUICE 

Ash 

Ammonia 

nitrogen 

Hydrogen-ion 

CONCENTRA¬ 

TION 

Sample no. 

Meso¬ 

phyll 

Midrib 

Meso¬ 

phyll 

Midrib 

Meso¬ 

phyll 

Midrib 

Meso¬ 

phyll 

Midrib 


gm. 

gm. 

per cent. 

per cent. 

p.p.m. 

p.p.m. 

pH 

pH 

1 

5.0873 

5.0980 



24.4 

24.0 

6.50 

5.71 

2 . . . . 

5.0779 

5.0799 

2.05 

1.89 

14.1 

13.7 

6.42 

5.79 

3 . 

5.1005 

5.1003 

1.88 

1.87 

20.1 

19.9 

6.33 

5.71 

Average 

5.0885 

5.0927 

1.96 

1.88 

19.5 

19.2 




tissue, as discussed here, is that portion of the leaf remaining after removal 
of the midrib. This includes, besides mesophyll tissue proper, the lateral 
veins which are too small to remove. 

It has been the usual practice to use a 5-ml. sample of juice and con¬ 
sider the weight as 5 grams, for the sampling error is considered to be 
greater than the error involved by assuming this weight. Actually in a 
juice containing 50 p.p.m. of ammonia nitrogen the error is approximately 
1 p.p.m., or 2.0 per cent. 

The procedure as recommended by the Committee on Methods (1), 
which for convenience will be termed the aeration method, has been used 
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for the ammonia determinations from the beginning of the fractionation 
of nitrogen in plant juice at this station. 

Kober and Graves ( 6 ) cite evidence which shows that the amount of 
ammonia carried over by a stream of air depends on the volume and rate of 
aeration. They found that 650 liters of air per hour recovered 99.7 per 
cent, of ammonia from an ammonium sulphate solution in 50 minutes, while 
139 liters per hour recovered 97.4 per cent, in 90 minutes. To cover this 
portion of the procedure, a flow meter was calibrated by a Junkers gas 
meter and a curve for the relationship of time and volume constructed. 
The flow meter was then inserted in the system, the suction adjusted to 
110-120 liters per hour, and the aeration continued for two hours. 

The 2-hour aeration period is considerably more than that mentioned in 
the original method, but experimental results indicate that this length of 
time is necessary to carry over the ammonia present at this rate of aeration. 
In an effort to follow the course of the aeration reaction, time-concentra¬ 
tion studies were made for the juices used in this study and for a solution 
of ammonium sulphate. The ammonia in an ammonium sulphate solution 
can be recovered quantitatively in a short period of time. The results for 
plant juices when plotted (fig. 1) show that at the end of two hours there 
is a distinct change in the type and rate of reaction, for at this point there 
is a break in the curve and the evolution of ammonia becomes less rapid 
thereafter. The curve for beet juice is the most striking, bringing out 
more clearly than the other two curves the important point to be derived 
from these experiments. The ammonia results obtained by aerating for 
two hours showed close agreement with those obtained by the use of per- 
mutit as discussed in the succeeding paragraph. As the change in the rate 
of evolution of ammonia appears at that point where the results of the 
two determinations coincide, it can be concluded that two hours 9 aeration 
is sufficient to measure the uncombined ammonia. 

With the idea in mind that the continued appearance of ammonia with 
prolonged aeration might be due to the hydrolysis of some unstable nitrog¬ 
enous compounds, permutit was employed to remove the ammonia but not 
the unstable nitrogenous products. Folin and Bell (2) demonstrated 
that ammonia could be removed quantitatively from urine by the use of 
permutit, even in the presence of 20 to 30 mg. of sodium chloride. White- 
horn ( 11 ) found that substances other than ammonia were taken up by 
permutit. The most important of these were the amines and amino acids, 
lysine, histidine, and portions of tyrosine and arginine. As Folin pointed 
out that the extraction of ammonia from solution was limited by the con¬ 
centration of sodium chloride, it was necessary to test the adsorbing power 
of permutit in a solution having an inorganic salt concentration approxi- 
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mating that of plant juice. It will be seen from table I that the ash content 
of plant juice is between 1.96 and 1.88 per cent., and this gives an average 
concentration of 19 mg. of inorganic salts per ml. of juice, a figure close 
to Folin’s lower limit. The ash content does not measure the salt con¬ 
centration exactly, because of the evolution of some of the more volatile 
inorganic constituents of the juice, so that these figures are probably low. 

Two buffered salt solutions were made up to have hydrogen-ion and 
salt concentrations somewhat similar to the plant juices in question. In 
table II are recorded the results for recovery of ammonia by permutit 
adsorption. 

TABLE II 

Recovery of ammonia nitrogen by permutit from synthetic solutions containing 
50 P.P.M. OF ammonia nitrogen 


Solution 1,* Solution 2, 

pH 6.20 pH 5.49 


per cent 

97.50 
101.00 

99.50 
100.60 

99.50 

100.00 

98.50 

100.00 

99.50 

Average 99.56 | 99.46 

Solution A: sodium monohydrogen phosphate 11.857 gin. per liter. 

Solution B: potassium dihydrogen phosphate, 9.078 gm. per liter. 

Synthetic solution 1: pH 6.20, 50 p.p.m. ammonia nitrogen 
Sodium monohydrogen phosphate (A) 150 ml. 1.770 gm. 

Potassium dihydrogen phosphate (B) 350 ml. 3.185 “ 

Ammonium sulphate 0.097 1 ‘ 

Sodium chloride , ... 5.000 “ 

Total inorganic salt concentration, 2.01% . 10.052 “ in 500 ml. 

Synthetic solution 2: pH 5.49, 50 p.p.m. ammonia nitrogen 
Sodium monohydrogen phosphate (A) 37.5 ml. .. 0.443 gm. 

Potassium dihydrogen jjhosphate (B) 462.5 ml. . 4.209 “ 

Ammonium sulphate 0.097 li 

Sodium chloride . 5.000 * * 


per cent . 
99.60 
98.70 
100.00 
99.20 
100.00 
99.20 
100.00 
99.00 
99.50 


Total inorganic salt concentration, 1.95% . 


9.749 “ in 500 ml. 
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In so far as the two mixtures can be considered representative of plant 
juice with respect to hydrogen-ion and salt concentration, there is no doubt 
that permutit can be used to remove ammonia from solution quantitatively. 

Folin’s method as adapted to juice work consisted of shaking 5 ml. of 
juice with 2 gm. of washed permutit in a 50-ml. volumetric flask for 5 to 7 
minutes, washing free from remaining juice by decantation, adding 20 ml. 
of water and 2 ml. of 10 per cent, sodium hydroxide, then 5 to 10 ml. 
Nessler’s reagent and diluting to volume. In all cases where this method 
was used an “off” color was produced which gave varying intensities of 
yellow light. This interfering color seemed to vary with crops, being less 
noticeable for beets and more for celery. In some instances, with celery, 
after the release of ammonia by sodium hydroxide the supernatant liquid 
showed a decided yellow color which disappeared upon addition of acid. 
It is not soluble, however, in such organic solvents as caprylic alcohol, ether, 
or xylene. In spite of this interfering substance the method can be used 
with a fair degree of accuracy, provided the “off” color is not too great, 
after becoming accustomed to the point of color match. This particular 
point seems to be that place where there is a sudden change from light 
yellow to a darker shade of the same color in the unknown solution, when 
comparing it with the standard solution in a Duboscq colorimeter. Before 
this procedure can be adopted with a perfect degree of surety this diffi¬ 
culty must be overcome, but the color interference does not entirely dismiss 
the use of permutit. It may be useful as a rapid method if great accuracy 
is not required. 

The permutit method may be made accurate by the addition of aeration 
to the procedure as follows: 2 gm. of washed permutit are placed in an 
aeration tube and 5 ml. of juice added. This is shaken for 5 to 7 minutes 
and then washed clear of remaining juice by decantation. The tubes are 
placed in the Van Slyke-Cullen aspiration block, and 3 ml. of 10 per 
cent, sodium hydroxide and an anti-foam reagent added. The apparatus 
is then connected as usual and aspirated 90 minutes (table III). This is 
the minimum time that can be used with safety. The ammonia is caught 
by 3 ml. of 0.01 N acid and either transferred to a volumetric flask for 
Nesslerization and dilution, or titrated by standard base. 

With any of the methods where distillation or aeration are involved 
anti-foam reagents must be used. Ninety-five per cent, alcohol in the Van 
Slyke and paraffin in the Vickery and Pucker method works very well. 
In the aeration method caprylic alcohol is efficient, but it distills into the 
acid tube readily, and upon the development of color by Nesslerization a 
cloudiness appears, provided too much alcohol is present. If, however, the 
color is not brought out until just before comparison, with quick manipu¬ 
lation the colors can be matched successfully. This latter procedure was 
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TABLE III 

Time necessary to liberate ammonia from permutit by aspiration 


Minutes 

; Juice 

Ammonium nitrogen 

Pure ammonium sul¬ 
phate solution 

50 P.P.M. AMMONIUM 
NITROGEN 

Beets 

Beets 

Celery 


p.p.m. 

pip.m. 

p.p.m. 

p.p.m . 

p.p.m , 

10. 

6.70 

7.00 




20. 

10.00 

12.10 


26.60 


30 . 

12.50 

14.70 


38.50 


60 . 

14.50 

25.00 

156.0 

41.60 

39.60 

70. 



178.5 


41.70 

80. 



178.5 

50.00 

49.00 

90. 



178.5 


50.00 

100. 





50.00 

120. 

14.50 

25.00 





found to be inconvenient so other organic compounds were tried. The 
most useful one w T as a mixture of paraffin dissolved in xylene. This com¬ 
bination has no effect on a Nesslerized solution. 

Although recovery experiments are not absolute proofs of the accuracy 
of a method, they are helpful. Table IV shows that all of the methods 
tested recovered practically all of the ammonia added. 

• Comparison of methods 

After becoming familiar ’with the various methods, they were used as 
nearly simultaneously as possible on juices from different plant species. 
The results obtained by the methods are given in table V. For convenience 
in comparison Folin 's method was arbitrarily chosen as the standard. The 
relationships are determined in the following manner. The individual 
results in any one column and the corresponding results by Folin 's per¬ 
mutit method are averaged separately and the relationship between the two 
is calculated, using the average obtained by the Folin method as a base 
of 100. 

An examination of table V indicates the relative values to be expected 
when any of the methods are used. The Folin and aspiration methods give 
closely comparable results; the modified permutit and Van Slyke methods 
tend toward lower results which are also comparable; while those obtained 
by Vickery and Pucher’s method are high. The differences between the 
methods are probably within the errors of sampling, so that any one of the 
tested procedures can be used. It appears, however, that Vickery and 
Pucher's technique as applied to expressed plant juice probably approaches 
the limits within which these procedures are applicable. 
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TABLE V 

Comparison or ammonia nitrogen in plant juice as determined by various methods 
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This result is much too high, owing to the amount of interfering yellow pigment. In all cases it and the correspond- 
ilues in the other columns have been left out of the calculations of relationship of the other methods to the Folin 
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Discussion 

The results in table Y are shown relatively, with no concern as to their 
accuracy for plant use. Of all the methods described, it is the writer’s 
belief that Folin’s permutit method, as modified in this investigation, is the 
most accurate. If any of the usual distillation or aeration methods are 
allowed to proceed, the evolution of ammonia continues indefinitely. This 
makes it necessary to add a time factor to these procedures to avoid the 
inclusion of ammonia due to the hydrolysis of metabolized nitrogen. This 
difficulty is overcome by the use of permutit followed by aeration. The 
permutit removes an amount of ammonia which corresponds to that given 
off up to the time when there is a break in the time-concentration curve 
(fig. 1), and subsequent aeration removes the ammonia free from any 



A. 50 P.P.M. AMMONIUM SULFATE SOLUTION 

B. BEET JUICE 

C. CELERY JUICE 

O. SPINACH JUICE 

Fig. 1. Graph representing amount of ammonia nitrogen, in parts per million, 
aerated with time. 

substance which interferes with Nesslerization. There is, however, a pos¬ 
sible source of error in this method. As stated before, Folin has shown 
that in the presence of a certain salt concentration permutit does not func¬ 
tion perfectly, and it is possible that a juice may have this inorganic salt 
concentration, thus inhibiting its use. The inorganic salt concentrations of 
the juices used in this study lend themselves to the use of permutit. For 
expressed juices which contain prohibitive amounts of inorganic salts, dilu¬ 
tion may be used to overcome this factor. 
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Summary and conclusions 

!. Five methods for the determination of ammonia have been compared, 
all of which give rather close agreement. 

2. Folin's permutit method readily adsorbed not only ammonia from 
plant juice but also a yellow pigment. This pigment, like ammonia, was 
released from permutit upon the addition of sodium hydroxide. 

3. A new procedure combining the use of permutit and aeration gives 
reliable results and overcomes the difficulties of adsorbed pigments and 
hydrolyzable substances. 

4. All methods recovered known amounts of added ammonia quanti¬ 
tatively. 

The writer wishes to express his appreciation to Mr. John B. Smith 
for his assistance during the course of this investigation. 

Bhode Island Agricultural Experiment Station, 

Kingston, B. I. 
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MANGANESE ESSENTIAL FOR THE GROWTH 
OF LEMNA MAJOR 1 

J. 8. McHargue and R. K. Calpee 
(with three figures) 

Previous reports (3-8) from this laboratory have shown that manga¬ 
nese is an essential element for the normal growth and maturation of 
important agricultural crops, and that it has an important function in the 
synthesis of chlorophyll. Our experiments were carried on in both water 
and purified sand cultures. In our former reports attention was called 
to the more common sources of manganese contamination and the necessity 
of eliminating traces of this element from plant nutrients, distilled water, 
and vessels in which plants are to be grown. 

In our previous work, experiments to show the necessity of manganese 
for plant growth were made with land plants which have some economic 
importance and a much more complex morphological structure than Lemna 
major. 

Lemna major (Spirodela polyrhiza) is a minute, stemless, free-floating, 
aquatic plant consisting of a mere frond from which, on the under side, 
grow roots about 10 mm. long. The plants propagate by the proliferous 
growth of a new' individual from a cleft in the edge or base of the parent 
frond, and also by autumnal fronds in the form of minute bulblets which 
sink to the bottom of the water during the winter season but rise to the 
top and vegetate in the spring. 

Clark and Fly ( 1 ) have recently stated that manganese is not neces¬ 
sary for the growth of Lemna major. Because this plant synthesizes chlo¬ 
rophyll, we became doubtful of the findings of these investigators, and have 
carried on experiments for the past six months to ascertain to our satis¬ 
faction whether or not manganese is essential for the growth of this plant. 
Normal plants were collected from the surface of a pond about the middle 
of July, 1931, and transferred to water cultures contained in acid-proof 
stoneware jars. The solutions in which the plants were grown contained 
the following amounts of mineral plant nutrients: 

Calcium nitrate, Ca(N0 a ) 2 .5H 2 0.4.0 gm. 

Potassium nitrate, KNO a . 1.0 ” 

Magnesium sulphate, MgS0 4 .7H 2 0 . 1.0 

i Contribution from the Department of Chemistry of the Kentucky Agricultural Ex¬ 
periment Station. The investigation reported in this paper is in connection with a project 
of the Kentucky Agricultural Experiment Station and is published by permission of the 
Director. 
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Potassium acid phosphate, KH 2 P0 4 . 1.0 ” 

Potassium chloride, KC1 . 0.5 ” 

Ferric citrate, FeC fl H 5 0 7 .3H 2 0 ..v.. 0.1 ” 

Distilled water . 7 liters 



Fio. 1. Influence of manganese on the size and color of Lemna major: plants on 
left were grown in a solution containing 0.25 p.p.m. manganese; plants on right are 
manganese-deficient. 4 /5 actual size. 

The salts used in preparing this solution were tested chemically to 
ascertain their freedom from a number of the less common elements, man¬ 
ganese included. The water was distilled and condensed in a quartz tube, 
and collected and stored in an acid-proof stoneware receiver. To avoid 
possible complications from the absence of elements other than manganese, 
0.5 part per million of boron, and 50 parts per billion each of copper and 
zinc were included in the manganese-free medium. 

Plants from a stock culture of Lemna (containing manganese) were 
transferred to two jars of this medium, one of which had received enough 
manganese sulphate to bring the manganese content to 0.5 part per million 
but no manganese was added to the second jar. There was no discernible 
difference in the growth or appearance of the two cultures at the end of 
eight weeks. Plants in both cultures had practically covered the surface 
of the solutions. A few plants from each culture were then transferred 
to fresh solutions of corresponding composition. At the end of eight weeks 
more the appearance of the plants in the two cultures was practically identi¬ 
cal, but the rate of growth was unequal, as evidenced by the somewhat 
crowded condition of the plants in the manganese-treated culture as com¬ 
pared with the more sparse growth of plants in the manganese-deficient 
culture. Transfers were again made to fresh solutions. Normal growth 
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occurred in the manganese-treated culture, the plants covering all available 
space in eight weeks. The plants in the manganese-deficient culture ap¬ 
peared to be normal for two weeks, but during the third week many of the 
fronds were notably lighter in color and smaller in size. Definite chlorosis 
was present in this culture by the end of the third week. Figure 1 compares 
the size and gives some indication of the difference in color of representative 
plants of the treated and deficient cultures. At the beginning of the fifth 
week several of the fronds, were dead, necrotic areas were present on many 
others, and all were chlorotic. The living plants at this time were separated 
into two equal groups, forming two cultures. Ferric nitrate (0.0005 gm. 
per liter, manganese-free) was added to the first culture, but failed to re¬ 
lieve the condition, and the plants died. Manganese sulphate at the rate 
of 10 parts per billion was added to the second culture of chlorotic plants. 
Many plants in this culture, those that showed extreme chlorosis, died. The 
majority, however, slowly regained some of their original green color and 
within eight days had resumed growth and production of new fronds. This 
culture was reserved as a stock culture for further experiments. The vol¬ 
ume was kept up by the addition of a manganese-free nutrient solution and 
traces of manganese were added at the first evidence of chlorosis. The rate 
of reproduction in this culture was considerably below that of the cultures 
containing an abundance of manganese. 

To ascertain the influence of manganese on the reproduction of Lemna, 
two groups of six jars were started with one frond each, selected for uni¬ 
formity of size and color, from the culture of low manganese content. The 
total number of fronds was counted at the end of each week, for eight weeks. 
The average of each group is shown in figure 2. 

Because of the small increase in weight that manganese-deficient cultures 
made before death, it was impracticable to produce sufficient material for 
a complete chemical analysis. By greatly increasing the size of the stock 
cultures and by using a large number of fronds to start the manganese- 
deficient cultures, enough material to determine ash, manganese, and iron 
eventually was obtained. Abundance of material was available without 
difficulty from the rapid-growing manganese-treated cultures. The results 
are given in table T, calculated as percentages of the moisture-free plants. 

The failure of Lemna to make normal growth in a nutrient solution free 
from manganese apparently was due to a disturbance of metabolism affect¬ 
ing the chlorophyll, resulting in chlorosis, followed by necrosis and death 
of the plant. The rate of reproduction was affected pronouncedly by the 
manganese content of the culture. This effect was more marked after several 
weeks of growth, largely because of the greater number of plants capable 
of producing new fronds in the manganese-treated cultures, and also because 
of the slightly higher rate of growth of the individual fronds. At the end 
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Fig. 2. Effect of manganese on rate of growth and reproduction of Lemna major . 

TABLE T 

Ash, manganese, and iron contact of Lemna grown in different manganese 

CONCENTRATIONS 


MN, ABSENT 
(DEFICIENT) 

Mn, 7 p.p.b. 
(maintenance) 

Mn, 250 p.p.b. 
(optimum) 


per een t. 

per cent . 

per cent. 

Ash 

. .. . 18.575 

19.342 

21.080 

Hn . . . 

0.005 

0.009 

0.059 

Fe .. 

0.172 

0.155 

0.070 


of the first week, the manganese-deficient cultures contained practically the 
same number of fronds as the manganese-treated -cultures. At the end of 
the fourth week, the plants in the manganese-deficient cultures were chlo¬ 
rotic and reproduction had practically ceased. By the end of the sixth 
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week some of the fronds were dying. The nature of the plant made it im¬ 
possible to determine whether this difference in the rate of reproduction 
was due directly to the absence of manganese or to the starved condition of 
the plant which resulted from manganese deficiency. 

The total mineral content of the fronds was decreased by the absence of 
manganese in the culture. The manganese content of chlorotic and necrotic 
plants was less than one-tenth that of normal plants. The amount of man¬ 
ganese was small but was sufficient to be determined in a colorimeter. The 
iron content of the plants increased as the manganese decreased, suggesting 
an attempt at substitution on the part of the plant. 

Investigations in this laboratory with Lemna major proved it to be 
rather unsatisfactory material for experimentation. Since it is a floating 
plant, the surface of the medium must be greater than the leaf surface 
produced, and as the fronds constitute practically the entire weight of the 
plant, the dry material obtained is much less than most experimental plants 
would produce on equivalent bench space. The plant consists essentially 
of roots and leaves, so evidence of deficiencies or toxicities must be ob¬ 
tained from the effects on size and color of the fronds, condition of the 
roots, and the rate of reproduction. Figure 3 shows the relative size and 



Fig. 3. Lemna major: left, under side showing roots and manner of producing new 
fronds; right, top view. Magnified about 4 times. 

the parts of the plant. New fronds are produced from older fronds from 
buds, or special cells. This method of reproduction is not favorable for 
investigation of deficiencies that may influence the rate of reproduction. 

Since our experiments with Lemna major were begun, Hopkins (2) has 
published results showing that manganese is necessary for the growth of 
L. minor . Our results on L. major, although obtained by a somewhat dif¬ 
ferent procedure, confirm his findings. 
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Clark and Fly, in referring to previous work by the senior author ( 8 ), 
misquote him in a way that requires correction. The statement of Clark 
and Fly is as follows: “He [McH argue] suggests here that it is the man¬ 
ganese which causes the deep blue color of blue grass, etc.” The writer 
in the article referred to makes this statement, however: “Kentucky blue- 
grass is particularly rich in manganese and chlorophyll and therefore 
affords an interesting example of the function of manganese in the devel¬ 
opment of the beautiful deep green color which is characteristic of the 
luxuriant bluegrass pastures.” Doubtless many persons who have visited 
the bluegrass region of central Kentucky have wondered where the blue 
is in Poa pratensis. Incidentally, we commend the wisdom of the Com¬ 
mittee on Standardized Plant Names, in making one word of bluegrass. 

Summary 

1. Fronds of Lemna major were grown in nutrient solution with and 
without manganese. 

2. A deficiency of manganese in the nutrient solution resulted in re¬ 
tarded growth, failure to reproduce, chlorosis, necrosis, and death after 
utilization of the residual metal in the plants. 

3. Chlorotic plants in manganese-deficient solutions were restored to 
their original dark green color by the addition of traces of manganese sul¬ 
phate but not by ferric nitrate. 

4. The exclusion of manganese from the medium resulted in a decrease 
in the total ash content and an increase in the iron content of the plant. 

5. Because of its inherent characteristics, Lemna was found to be less 
satisfactory than most experimental plants for greenhouse cultures. 

Department of Chemistry, 

Kentucky Agricultural Experiment Station, 

Lexington, Ky. 
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CARBOHYDRATE CONTENT OF TOMATO FRUIT 
L. G. Saywell and D. P. Robertson 

The carbohydrate content of mature tomato fruit has received consider¬ 
able attention since Atwater and Bryant (1) indicated the total sugar con¬ 
tent to be about 3.39 per cent, and the starch less than 0.1 per cent, on the 
fresh basis. In a later publication of the same series containing revised data, 
Chatfield and Adams (6) gave the average reducing sugar content as 3.37 
per cent. Myers and Croll (11) reported the reducing sugar content of 
two samples of tomatoes to be 3.39 and 2.91 per cent, and the total sugar 
content 3.47 and 3.25 per cent. Bell, Long, and Hill (2) determined the 
available carbohydrate content of two samples to be 2.6 and 3.0 per cent., re¬ 
spectively. Lawrence and McCance (9) have placed it at 2.4 per cent. 
Rosa (13, 14) has presented a study of the composition of tomatoes at dif¬ 
ferent stages of maturity. For the mature fruit, the reducing sugar content 
of five samples varied from 2.63 to 3.80 per cent. For two of these the sucrose 
content, by invertase inversion, was 0.04 and 0.11 per cent. The starch con¬ 
tent, by diastase inversion, varied from 0.012 to 0.52 per cent, for the five 
samples. For the same two samples upon which sucrose determinations were 
made the values for acid-hydrolyzable material, by hydrolysis with 5 per 
cent, hydrochloric acid, were 0.180 and 0.212 per cent, respectively. Benoy 
and Webster (3) have reported that the total and reducing sugar concen¬ 
trations were equal. They reported values of 2.43 per cent, for each, and 
0.069 per cent, of starch on the fresh basis. Bigelow and Stevenson (5) 
and Bigelow and Fitzgerald (4) have studied the chemical composition of 
commercial tomato products prepared in the eastern tomato-growing sections 
of the United States. Their values for reducing sugar content of filtrates 
from pulps averaged about 4.20 per cent. Cruess, Saywell, and Hark (8) 
have given preliminary data on the composition of California tomatoes. 

The present investigation was undertaken in order to secure a more com¬ 
plete knowledge of the carbohydrate composition of California tomatoes. 
The plan has been to study the composition of composite samples of both 
the entire fruit and the several more or less distinct botanical regions of the 
fruit. Determinations have been made of the reducing sugars, sucrose, 
starch, and acid-hydrolyzable material and the dextrose-levulose ratios. 

Materials and methods 

Large samples of from 15 to 20 previously frozen fruits were taken to 
reduce sampling error. Each fruit was quartered through the polar diameter 
and two alternate quarters were used for a composite sample. When it was 
desired to have samples of the core, locule, interlocular septa and outer walls, 
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the remaining quarters were cut through the equatorial diameter and the 
required portions then carefully secured. The samples were then ground in 
a food chopper and analyzed at once or were placed in cold storage (0° C.) 
if the analysis could not be completed immediately. 

Beducing sugars were determined by the Shaffer-Hartman method 
(15) after clarifying with saturated neutral lead acetate and deleading with 
sodium oxalate. Dextrose was determined by the method of Lothrop and 
Holmes (10). Sucrose was inverted with invertase for one hour at 55° C. 
The total reducing sugars present then were determined and the sucrose 
content calculated by difference. Starch was determined by the following 
modification of Olmsted's method (12). To a 25-cc. aliquot of the sample 
0.1 gram of Taka-diastase was added. After careful mixing, the solution 
was brought to 55° C. and held at this temperature for one hour. After 
cooling and clarifying, the reducing sugars were determined as previously 
described. The acid-hydrolyzable carbohydrate material was determined 
by direct acid hydrolysis (16). This fraction includes the starch. Proper 
blanks were made for all determinations. 

Total solids were calculated from the refractive index-total solids ratio 
determined by Cruess and Saywell (7) for California tomatoes. 

Results and discussion 

For five samples analyzed, the sucrose content was 0.03, 0.05, 0.04, 0.02, 
and 0.07 per cent, respectively. Since these values were fairly uniform and 
all less than 0.10 per cent, it appeared that the sucrose content of mature 
fruit was relatively small and frequently less than 0.05 per cent. Conse¬ 
quently further determinations were not made. However, it is not intended 
to preclude the possibility of important physiological functions of sucrose. 

Starch determinations w r ere made on the above five samples. Values of 
0.045, 0.038, 0.040, 0.031, and 0.037 per cent, starch were obtained. The first 
two samples were from vines of the San Jose Canner variety, the third and 
fourth from Santa Clara Canner vines, and the fifth from Stone. Rosa 
(13,14) has reported values of 0.044, 0.052, 0.022, 0.034, and 0.012 per cent, 
on samples of ripe fruit of Earliana, Globe, and Stone varieties. Since the 
two series of results agreed quite closely, it appeared that the usual range 
of starch content of mature fruit was from 0.02 to 0.05 per cent., expressed 
on the fresh basis. 

In order to secure data on reducing sugars representative of the state, 
samples from the more important tomato producing districts were analyzed 
with the results given in table I. 

It would appear from table I that the average reducing sugar content 
of California tomatoes is somewhat higher than that generally recorded in 
the literature for other localities. Considerable variation was found in the 
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TABLE I 

Reducing sugar content of mature tomato fruit grown in California 
(expressed as the precentage of the fresh weight) 


Locality 

Reducing 

sugars 

Total 

solids 

Locality 

Reducing 

SUGARS 

Total 

solids 

Arlington 

3.28 

6.57 

Locke 

3.96 

7.22 

Buena Park 

3.62 

8.13 : 

Riverside 

2.95 

6.05 

Burbank 

3.45 

7.30 

Sacramento 

j 4.01 

6.82 

Centerville 

4.00 

8.05 

Salinas .... 

3.94 

6.82 

Chino 

3.04 

6.88 

San Fernando 

3.33 

6.43 

Davis 

3.54 

! 6.93 

San Jose 

3.66 

6.92 

El Monte 

3.38 

6.42 

Santa Clara 

3.38 

6.30 

Fullerton 

3.57 

7.41 1 

Sunnyvale 

3.80 

7.03 

Hayward 

3.81 

7.22 j 

ii 

Average 

3.57 

6.97 


total solids and reducing sugars of samples from different districts within 
the state. 

The results of the analyses of the cores, the locules, the interlocular walls 
and outer wall portions of alternate quarters of the fruit and a correspond- 
ing composite of these regions prepared from the remaining quarters are 
given in table II. Samples were taken October 2, 1931. 

From these data it is apparent that the tissue of the core region is rela¬ 
tively high in reducing sugars, total solids, and acid-hydrolyzable contents. 
The locular material is considerably lower in total solids, reducing sugars, 
and acid-hydrolyzable material than any other portion of the fruit. The acid- 
liydrolyzable content is very much lower in the locular material. The walls 
approach the core and composite in composition except that they are some¬ 
what lower in reducing sugars. 

The results of the dextrose-levulose and total solids determinations on 
representative samples from several of the important tomato producing re¬ 
gions of the state are given in table III. It is interesting to note that the 
dextrose-levulose ratios generally are quite uniform and that the average 
levulose content is about 46 per cent, of the average total reducing sugar 
content. 

Summary 

The sucrose content of California tomatoes varied from very small quan¬ 
tities up to 0.05 per cent, and the reducing sugar content, from 3.30 to 3.70 
per cent.; the dextrose content was about 1.2 times the levulose content. The 
starch content varied from 0.01 to 0.06 per cent., while the acid-hydrolyzable 
material varied from 0.10 to 0.30 per cent. The total solids content ranged 
from 6.5 to 7.0 per cent, on the average. All results are expressed on the 
basis of the fresh weight of the fruit. 
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TABLE II 

Composition of different regions of tomato fruit (expressed as 

PERCENTAGE OF THE FRESH WEIGHT) 


Sample 

NUMBER 

Region 

Reduc¬ 

ing 

sugars 

Total 

| SOLIDS 

Sample 

number 

Region 

Reduc¬ 

ing 

SUGARS 

Total 

SOLIDS 

Acid- 

hydro¬ 

lyzable 



per 

per 



per 

per 

per 



cen t. 

cent. 



cent . 

cent. 

cent. 

1-1 

Core 

2.90 

7.1 

2-4 

Core 

2.61 

5.2 

— 


Locule 

2.69 

6.6 


Locule 

2.13 

5.0 

— 


Walls 

2.32 

6.6 


Walls 

2.38 

5.0 

— 


Composite 

2.70 

6.6 


Composite 

2.48 

5.0 

— 

1-2 

Core 

3.30 

6.3 , 

3-2 

Core 

3.47 

5.2 

_ 


Locule 

2.90 

6.0 : 


Locule 

3.15 

5.1 

— 


Walls 

2.96 

6.2 


Walls 

3.76 

5.1 

— 


Composite 

3.08 

6.2 1 


Composite 

3.67 

5.2 

— 

2-1 

Core 

3.18 

6.2 

1-1-2 

Core 

3.61 

6.3 

0.245 


Locule 

2.72 

5.9 


Locule 

3.26 

6.2 

0.055 


Walls 

3.04 

6.2 


Walls 

3.30 

6.2 

0.265 


Composite 

3.10 

6.2 


Composite 

3.49 

6.2 

0.210 

2-2 

Core 

2.60 

5.8 

1-2-2 

Core 

2.77 

6.3 

0.320 


Locule 

2.13 

5.1 


Locule 

2.30 

5.8 

0.060 


Walls 

2.37 

5.5 


Walls 

2.85 

6.2 

0.240 


Composite 

2.49 

5.6 


Composite 

2.96 

6.2 

0.235 

1-3 

Core 

2.94 

6.2 

Marglobe 






Locule 

2.52 

5,8 

(1) 

Core 

3.05 

7.1 

0.260 


Walls 

2.79 

5.8 ' 


Locule 

2.53 

7.2 

0.065 


Composite 

2.87 

5.9 


Walls 

2.73 

7.2 

0.282 






Composite 

2.92 

7.2 

0.275 

1-4 

Core 

2.66 

6.0 

Santa 






Locule 

2.07 

6.0 

Clara 






Walls 

2.53 

5.8 

(3) 

Core 

3.30 

5.1 

0.210 


Composite 

2.62 

5.9 


Locule 

2.98 

5.0 

0.050 






Walls 

3.07 

5.0 

0.370 






Composite 

3.23 

5.1 

0.320 

1-5 

Core 

3.36 

6.3 

Santa 






Locule 

2.86 

6.2 

Clara 






Walls 

2.84 

6.0 

(2) 

Composite 

2.67 

5.1 

0.295 


Composite 

3.13 

6.2 

Marglobe 









(2) 

Composite 

3.92 

7.2 

0.260 





Marglobe 









(3) 

Composite 

3.93 

7.2 

0.295 





Bonnie 









Best 

Composite 

3.76 

7.8 

0.265 

2-2 

Core 

2.86 

5.0 

Average 

Core 

3.06 

6.1 

0.259 


Locule 

2.34 

4.9 ] 

i i 

Locule 

2,63 

5.8 

0.057 


Walls 

2.39 

5.0 

(t 

Walls 

2.84 

5.9 

0.289 


Composite 

2.58 

5.0 j 

i t 

Composite 

3.12 

6.1 

0.269 
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TABLE III 

Dextrose and levulose content of mature tomato fruits 
(expressed as percentage of the fresh weight) 


Locality 

Dextrose 

Levulose 

Ratio D/L 

Total solids 

Burbank 

per cent. 
2.0C 

per cent . 

1.85 

per cent . 

1.11 

per cent, 

6.9 

Chino 

2.06 

1.71 

1.20 

7.1 

San Fernando 

1.93 

1.73 

1.11 

6.6 

San Fernando 

2.11 

1.68 

3.25 

6.9 

Ran Fernando 

2.04 

1.81 

1.13 

6.4 

Burbank 

2.35 

1.84 

1.17 

6.5 

Burbank 

2.06 

1.92 

1.07 

6.3 

Arlington 

3.99 

3.91 

1.04 

6.3 

Arlington 

3.98 

1.92 

1.03 

6.4 

El Monte 

2.09 

1.97 

1.06 

6.4 

El Monte 

3.89 

1.59 

1.19 

6.2 

Fruitvale 

2.50 

2.04 

3.22 

8.8 

Fruit vale 

2.37 

1.97 

1.20 

8.4 

San Jose 

2.35 

1.81 

1.30 

8.1 

San Jose 

2.24 

1.73 

1.29 

7.9 

Islet on 

2.39 

1.96 

1.22 

8.5 

Palo Alto 

2.32 

1.78 

1.19 

8.1 

Average 

2.14 

1.83 

1.18 

7.2 


The average sugar content of tomatoes grown in this state appears to 
be somewhat higher than that previously reported in the literature. 
University of California, 

Berkeley, California. 
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RELATION BETWEEN THE GREEN AND THE YELLOW 
PIGMENTS IN CHLOROTIC LEAVE'S 

(with one figure) 

J. OSERKOWSKY 

Willstatter and Stoll (13) observed that the ratio of green to yellow 
pigments in green leaves was more or less constant for various plants. 
Lubimenko (4) found that the ratio of chlorophyll to carotinoids in many 
plants varied only a little, but a wider variation was observed between old 
and young leaves of the same plant; this ratio being, on the whole, larger 
in the leaves which were richer in chlorophyll. Despite this variation, the 
data of Lubimenko reveal a close relation between the amount of the green 
and yellow pigments in leaves of different ages. This relation may be 
approximated by a linear equation. Sprague and Shive (12) and Schertz 
(8, 9) determined the chlorophyll content and the yellow’ pigments in leaves 
collected at various times during the season. Their data indicate that no 
consistent quantitative relation exists between the green and the yellow 
pigments, although in several series of samples a more or less close correla¬ 
tion was found. 

A close parallelism between the development of the green and yellow 
pigments has been observed in etiolated plants exposed to light. Elfving 
(1) and Kohl (3) claimed that the yellow 7 pigments increase in etiolated 
plants exposed to light. They did not, however, determine the amount of 
chlorophyll formed during exposure. Euler (2) and Sjoberg (10) studied 
this process quantitatively, and found that on illumination of etiolated 
seedlings the green and the yellow* pigments increase simultaneously. 

Chlorosis 1 is usually looked upon as a deficiency of chlorophyll only. 
Chlorotic leaves are yellow, although severely chlorotic leaves may be a pale 
cream color or white. Aside from casual observations as to the color of 
chlorotic leaves, no quantitative data are available in the literature concern¬ 
ing the amount of yellow* pigments in chlorotic leaves. The present work 
was undertaken to ascertain whether there exists a correlation between the 
amount of yellow 7 pigments and chlorophyll in chlorotic leaves. 

The material used in the present investigation w 7 as gathered from trees 
affected w r ith lime-induced chlorosis which was found to be curable by 
administration of iron salts to the trees. The term 4 4 green leaves from 
treated trees” in table I refers to green leaves from chlorotic trees which 
became green as a result of treatment with iron salts. Fresh leaves only 

i The term chlorosis as used in this paper refers only to chlorosis curable by iron 
salts. 
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were used for the analysis of the leaf pigments. The pigments were deter¬ 
mined colorimetrically, according to the method of Willstatter and Stoll 
(14) as modified by Schertz (7). The green color of the potassium 
chlorophyllin was matched against a similar solution prepared from pure 
chlorophyll, obtained from fresh green grass by the method of Willstatter 
and Stoll (13, pp. 38-41). The yellow pigments in the ether solution were 
determined colorimetrically against a solution of 0.2 per cent. ICCr^O^ and 
the results were calculated as “xanthophyll,” assuming that all the yellow 
pigments in the leaves were present as xanthophyll. The calculation was 
carried out according to the data given by Willstatter and Stoll (14, 
P- 25). 

The methods used in the present work may be open to criticism for the 
following reasons: The ratio of chlorophyll a to chlorophyll b may not be 
the same in green and chlorotic leaves (6), and may not be that of the stand¬ 
ard chlorophyllin solution. Also the assumption that all the yellow pig¬ 
ment in the leaves was xanthophyll is obviously inaccurate. It is believed, 
nevertheless, that the data thus obtained afford a means of judging the 
relative amounts of the yellow pigments present in leaves. It may be noted 
that the data of Willstatter and Stoll (13, 14) indicate that xanthophyll 
predominates over the carotin in green as well as in yellow leaves. Similar 
results were obtained also by other investigators. The results of the 
analyses are presented in table I. In figure 1 are plotted the data for 
Hardy pear leaves only. The data in column 7, table I, show that the ratio 
of chlorophyll to the yellow pigments is not constant and is smaller in leaves 
containing the smaller amounts of chlorophyll. But despite the inaccura¬ 
cies involved in the analytical methods used, the results obtained show a 
marked positive correlation between the chlorophyll content and the amount 
of yellow pigments in chlorotic leaves, and in green leaves from chlorotic 
trees or from trees treated with iron. The coefficient of correlation of 
chlorophyll to xanthophyll for 31 samples of Hardy pear leaves was found 
to be 0.934. Chlorotic leaves are thus deficient in yellow pigments as well 
as in chlorophyll . This relation is similar to that existing in etiolated 
plants. None of the samples analyzed was free from chlorophyll. It is 
impossible, therefore, to conclude from the available data whether chlorotic 
leaves devoid of chlorophyll are also devoid of yellow pigments. 

Various hypotheses were advanced to explain the more or less constant 
ratio between the yellow and the green pigments in leaves, which was 
observed in several instances. Lubimenko (4) suggested that the yellow 
and the green pigments of the leaves were derived from a common sub¬ 
stance; while Smith (11) concluded from the similarity between the con¬ 
stitution of phytol, a component of chlorophyll, and the carotinoids, that 



TABLE I 

Chlorophyll and yellow pigments (reposted as xanthophyll) in green and chlorotic leaves 
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Moderately chlorotic li 0.68 0.20 

Slight green from chlorotic 

trees ! “ 1.10 0.21 

Deep green from chlorotic 

trees “ 1.5 0.32 
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Fig. 1. Yellow pigments (reported as xantliopliyll) and chlorophyll in Hardy pear 
leaves. 

“it therefore seems probable that phytol either comes from the carotinoids, 
forms the carotinoids, or is produced from the same parent substance. In 
this way the constant proportionality existent between yellow and green 
pigments of the leaf may be explained” (p. 158). 

There is at present no conclusive evidence for any of the hypotheses 
here mentioned. While any one of them may account for the results 
reported in this paper, it seems not unlikely that the “active iron” (5), 
which is the iron compound active in chlorophyll formation, may play a 
role in the formation of yellow leaf pigments. 

The writer takes pleasure in acknowledging the assistance of Dr. J. P. 
Bennett. 

University of California, 

Berkeley, California. 
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A MICRO-METHOD FOR NITROGEN IN PLANT MATERIAL 

L. D. Doneen 

Microchemical methods are often desirable or essential for plant nutri¬ 
tion studies. In a recent extensive investigation on nutrition of wheat, 
samples sufficiently large to determine certain nitrogen fractions of wheat 
in the seedling and early part of the stooling stage by the usual method were 
not available, and it became necessary to develop a suitable micro-method. 

A review of the literature in the medical field indicated that one of the 
outstanding methods for determining small amounts of nitrogen is that 
developed by Folin and Denis (2, 3, 4, 5, 6), and later modified by Folin 
and Wu (7). This method, however, like others reviewed, did not include 
the fixation of nitrate nitrogen, which is necessary, especially with young 
plants containing large amounts of nitrate nitrogen. The use of oxidizing 
agents to promote digestion of organic materials is not new, and is practical \ 
for rapid digestion of organic material in the determination of nitrogen (9, ■ 
10, 11, 14). In some of the more recent works (1, 8, 9) protective colloids 
have been used to stabilize the color obtained by Nesslerization, thus pre¬ 
venting its precipitation with other compounds. 

The proposed method involves the use of perchloric acid as an oxidizing 
agent to aid in the digestion process, and includes the addition of gum 
arabic as a protective colloid and the conversion of nitrate nitrogen to 
ammonia. 

Procedure.— Place a sample of the plant juice, containing about 1 mg. 
of nitrogen, in a large test-tube (2.5x20 cm.) and evaporate to dryness. 
(If dry plant material is used, weigh out an equivalent amount.) Add 1 cc. 
sulphuric acid (nitrogen-free) containing 1 gm. of salicylic acid to 20 cc. of 
sulphuric acid. Mix thoroughly and allow' to stand at least 20 minutes. 
If large quantities of organic material are necessary to obtain sufficient 
quantities of nitrogen for Nesslerization, 2 cc. of the sulphuric-salicylic acid 
mixture may be required. Add approximately 0.3 gm. of sodium thio¬ 
sulphate and heat the solution gently until fumes appear at the mouth of 
the test-tube. Cool and add 1 cc. of 60 per cent, perchloric acid to which 
has been added 0.5 gm. of copper sulphate to 500 cc. of the acid. Digest 
over covered flame or micro-burner, heating very gently until foaming 
ceases, and digest at least two minutes after clearing. Usually the digestion 
mixture becomes clear in five minutes or less. 

Transfer the digested mixture to a 100-cc. volumetric flask by washing 
the test-tube with distilled water and dilute to approximately 50 cc. Add 
5 cc. of a 5 per cent, gum arabic solution, and neutralize with 10 per cent, 
sodium hydroxide. Ordinarily the gum arabic may be used without special 
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preparation, but if color is obtained upon treating it with Nessler’s solution, 
or if reduction to free mercury occurs upon standing for some time, it is 
necessary to treat the gum arabic as directed by Chiles (1). 

The results of a series of determinations on identical samples by the 
proposed micro-method, and the Kjeldahl-Gunning method modified to 
include nitrate nitrogen, are given in table I. Samples no. 1 and no. 2 are 


TABLE I 

Total nitrogen determined on plant extracts by micro-method as compared to 

Kjeldahl method 


Green plant tissue 

Sample 

NO. 

N per cc. 

Difference 

Micro. 

Ave. 

MICRO. 

Kjeldahl 



mg . 

mg. 

mg. 

per cent. 



1 

0.2745 

0.2715 

0.2706 

4 0.33 

Chrysanthemum leaves, 


1 

0.2715 




water-soluble fraction 


1 

0.2697 






1 

0.2705 





( 

2 

0.2970 

0.2975 

0.3057 

- 2.68 

Young wheat plants, 

1 

2 

0.2982 




water-soluble fraction 

1 

2 

0.2940 





l 

2 

0.3010 




Young wheat plants, 

f 

3 

o 

1.886 

1 0*1 

1.874 

1.865 

+ 0.48 

expressed juice j 

1 

il 

3 

1.886 





r 

4 

1.253 

1.245 

1.246 

“0.08 

Seedling wheat plants, 


4 

1.254 [ 




expressed juice 


4 

1.245 1 






4 

1.230 1 




1 


5 

0.555 

0.555 

0.565 

-1.76 

Bluegrass, expressed I 


5 

0.553 i 




juice 1 

; 5 

0.551 , 




1 

• 1 

5 

0.561 j 




Cineraria leaves, ex- f 

6 

0.819 

0.825 

0.842 

“2.01 

pressed juice \ 

6 

0.831 





extract nitrogen or the water-soluble protein nitrogen as obtained by the 
method of Nightingale et al. (12, 13). The other samples represent ex¬ 
pressed plant juice. Young plant tissue frequently contains appreciable 
quantities of nitrate nitrogen, and the wheat plants used in this experiment 
were known to contain large amounts of it. The results obtained by this 
colorimetric micro-method check closely with those of the modified Kjel¬ 
dahl-Gunning method. Therefore, the proposed method can be used satis- 
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factorily to supplement the Kjeldahl. method when only small samples of 
plant materials are available for the determination of various nitrogen 
fractions, including nitrate nitrogen. 

The efficiency in converting nitrate nitrogen to ammonia by the proposed 
method was further determined by additions of nitrate nitrogen to solutions 
and to plant material. The results given in table II show that approxi- 

TABLE II 

Recovery op nitrate nitrogen added to water and to plant material 


Sample 

N IN 

N ADDED AS 

TotalN 

Nitrate 

NITROGEN 

RECOVERED 

Nitrate N 

SAMPLE 

NITRATES 

DETERMINED 

RECOVERED 




mg. 

mg. 

mg. 

per cent . 

| 

r 

None 

0.0 

0.000 

0.000 

0.0 

Distilled water *| 

i 

i 

11 

< t 

1.0 
(< 

0.980 

0.973 

0.980 

0.973 

98.0 

97.3 


i 

11 

11 

0.984 

0.984 

98.4 

Wheat plant, ex- , 

r 

1.245 

0.2 

1.444 

0.199 

99.5 

i 

11 

i i 

1.438 

0.193 

96.5 

pressed juice j 

l 

11 

i ( 

1.440 

0.195 

97.5 


mately 98 per cent, of the nitrate nitrogen added was recovered. It is 
reasonable to assume, therefore, that nitrate nitrogen naturally present in 
plant material would be converted likewise. 

The method is rapid, since digestion is usually complete in less than 10 
minutes. The writer has been able to complete about fifty digestions in an 
hour by having a number of samples digesting simultaneously. 

Division op Agronomy, Soil Section, 

Washington Agricultural Experiment Station, 

Pullman, Washington. 
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STUDIES OF THE HARDINESS OF PLANTS: A MODIFICATION 
OF THE NEWTON PRESSURE METHOD FOR SMALL 

SAMPLES 1 

S. T. Dexter 2 

Introduction 

In studying the hardiness of winter wheat, Newton (7) outlined a prac¬ 
tical test for this quality which involved the measurement of the volume of 
juice expressed from the hardened leaves of the several varieties. He found 
that the hardier varieties were more resistant to the pressure treatment and 
gave a smaller volume of expressed juice than the tenderer ones. Martin 
(3) repeated the work, confirming Newton’s results in a general way, but 
finding difficulty in selecting suitable samples. Freezing and subsequent 
wilting of portions of the plants resulted in a lack of uniformity of samples 
from day to day. Since rather considerable quantities of leaves were re¬ 
quired for pressing, it was found to be impracticable to attempt the selec¬ 
tion of uninjured tissue. Meyer (5), working with pitch pine needles, 
obtained similar results, while Steinmetz (8) was unable to find any rela¬ 
tion between press juice volume and hardiness in two varieties of alfalfa. 
Steinmetz. however, froze the alfalfa roots with solid carbon dioxide (about 
-80° C.) and ground them before pressing. 

This paper is devoted largely to the description of a modification of the 
Newton method, which permits the experimenter to use very small samples 
which may be carefully selected to avoid imperfect leaves. The samples 
may consist of leaves from single plants, if individual differences are being 
studied. The weighed sample of leaf blades is placed upon a sheet (or 
several sheets) of ashless filter paper, so cut that thin layers of the leaves 
may be folded between sheets of the paper. The circular pad resulting is 
of such a size that it fits the small press cylinder to be used. The wrapped 
sample is placed within a washed, sheet-rubber flap to prevent possible 
contamination or loss of sap. To avoid irregularities of pressure, a pad of 
several inches of sponge rubber is placed in the bottom of the cylinder. 
Upon this pad the wrapped sample is placed. Below the piston (above the 
sample), a large rubber stopper which fits the cylinder is inserted in order 
to equalize the pressure on top of the sample. Suitable pressures are now 
applied for a short interval. It is found that the leaves are rarely, if ever, 
torn or broken within the pad when these precautions are observed. 

1 Contribution from the Hull Botanical Laboratory, University of Chicago. 

2 National Research Council Fellow. 
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Since the samples, as from individual plants, are small it is impracti¬ 
cable to try to measure the volumes of expressed sap as was done by 
Newton, In the modification proposed, the juice is taken up completely 
by the filter paper pads between which the leaves are pressed. The amount 
of sap expressed is measured in the following way. The unfolded pads 
and the residual pressed leaves are inserted into test-tubes, and a specified 
volume of distilled water is added. The sap solutes diffuse from the paper 
pad into this water. The more mineral matter that is so extracted, the 
higher will be the electrical conductivity of the water solution. Newton 
(6) has shown that the saps of the various varieties do not differ materially 
in electrical conductivity. In this way, therefore, one is able to estimate 
the relative amounts of sap expressed, even though the volumes are very 
small. There is, however, an additional feature. The leaves of the tender 
varieties are more bruised, or crushed, by this pressing process than are 
those of hardy varieties (Martin 3). The exosmosis of minerals from such 
injured tissue might normally be expected to be more or less in proportion 
to such injury, that is, greater in the case of tender leaves and less in the 
case of hardy ones. This was found to be the case, even when no clear-cut 
differences in bruising could be distinguished visually. 

The method, 'as outlined, was repeatedly applied in several ways,—with 
different sizes of samples, several pressures (66 to 660 atmospheres) and 
durations of pressures (1 to 5 minutes), and several absorption materials 
(old linen, cellu-cotton, filter paper). In every case the order of the 
varieties was correctly indicated, and the tenderer varieties showed higher 
electrical conductivities than the hardier ones. Measurements made with 
unhardened tissue did not show* this characteristic difference. 

Experimental results 

On December 1, six 1-gm. samples of perfect leaf blades of Wis. Ped. 
no. 2 and of Minhardi winter w r heat w r ere prepared from plants growing in 
the field. Each sample was folded into a sheet of ashless filter paper weigh¬ 
ing about 1 gm. (Whatman no. 42, 12.5 cm.), placed within a protecting 
rubber sheet, and subjected to a suddenly applied pressure. Duplicate 
samples of each variety were pressed at 1000, 2000, and 3000 pounds per 
square inch respectively. Each sample w r as pressed in turn, the firmly 
compacted pad was removed from the press cylinder, completely unfolded, 
and both paper and sample placed in a 1 x 8" pyrex test-tube. The tubes 
were placed in a thermostatically regulated water bath at 2° C., and 25 cc. 
of distilled water at 2° C. w*ere added to each tube, to cover the sample 
completely. Conductivity measurements were made after exosmosis had 
continued for the periods indicated in table I. 
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TABLE I 

Specific conductivity (x 10 t ) (2° C.) in reciprocal ohms of aqueous extracts of 

PRESSED WHEAT LEAVES AND THE INCLOSING PADS; 

Minhardi and Wisconsin Ped. 2 variety 





1 Period of exosmosis 

Pressure 


Variety 





2 HOURS 

6 HOURS 

18 HOURS 



1 

r 

Minhardi . 

326 

409 

549 

1000 \ 

1 

1 

Wis. Ped. 2 

463 

566 

799 


r 

Minhardi 

440 

569 

740 

2000.. « 

i 

1 

Wis. Ped. 2 

670 

809 

1060 


r 

Minhardi 

571 

729 

974 

3000 

( 

Wis. Ped. 2 

774 

1117 

1343 


Minhardi is recognized as a very hardy variety, in field tests, and Wis. 
Ped. 2 as a hardy variety. From table I one may see that more mineral is 
obtained, in each case, from the tenderer variety. The injury from the 
pressing increases with both varieties, with increase in pressure. 

On November 15, a similar experiment was run, using duplicate 1-gm. 
samples of leaves from three varieties of winter wheat, and a pressure of 
10,000 pounds per square inch for one minute. The variety, Honor, is a 
medium hardy variety, tenderer than Wis. Ped. 2. Table II shows the 
results of this test. Conductivity readings of blanks on unpressed leaves 

TABLE II 

Specific conductivity (xlO?) (2° C.) in reciprocal ohms of aqueous extracts of 

PRESSED WHEAT LEAVES AND THE INCLOSING PADS. RESULTS OF EXOSMOSIS FROM 
FROZEN LEAVES ARE INCLUDED FOR COMPARISON 


Period for exosmosis 


Variety 

Untreated 

TISSUES 

Pressed 10,000 lb. per square inch 

Frozen 
-10° C., 

2 HOURS 

2 HOURS 

2 HOURS 

6 HOURS 

20 HOURS 

4 HOURS 

Minhardi . ... 

84 

376 

486 

770 

1368 

Wis. Ped. 2 . 

81 

597 

747 

1178 

2048 

Honor. 

77 

623 

889 

1316 

2200 

Filter paper. 



. : 

.43 
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and on filter paper are included, as well as the results from exosmosis of 
leaves frozen at -10° C. for 2 hours (Dexter et al. 1,2) . 

The same relations of hardiness and resistance to pressure extraction 
of sap are seen in this table as in table I. It is interesting to note that 
the freezing-exosmosis method of Dexter et al. gives conductivity values 
almost precisely proportional, for the three varieties, to those from the 
modified Newton method. (See also table III.) 

In table III are shown the results of an experiment, performed Novem¬ 
ber 27, in which the paper pads and the residual pressed leaves were 
separately extracted. Trumbull, a somewhat tender variety, and Minhardi 
were used. A pressure of 3000 pounds per square inch was applied for 
one minute. Conductivity values of extracts from samples frozen at 
-10° C. for two hours, on the same day, are included for comparison. 

TABLE III 

Specific conductivity (xlO?) (2? C.) in reciprocal ohms of aqueous extracts of 

PAPER PADS ALONE, AND OF PRESSED LEAF TISSUE OF WINTER WHEAT. RESULTS 
FROM EXTRACTION OF FROZEN SAMPLES INCLUDED FOR COMPARISON 


Period for exosmosis 


Variety 

Pad only 

Leaves only 

Total 

Frozen 


2 HOURS 

6 HOURS 

2 HOURS 

6 HOURS 

2 HOURS 

6 HOURS 

2 HOURS 

6 HOURS 

Minhardi . 

288 

299 

198 

277 

486 

576 

1150 

1830 

Trumbull 

490 

490 

562 

656 

952 

1146 

2340 

3870 


Table III shows that the varieties are distinguishable on a hardiness 
basis by extracting the paper pad only, or by extracting the residual leaf 
tissues. Again the results from the freezing-exosmosis method are com¬ 
parable with those from the pressure method. With either treatment the 
tender variety yielded almost exactly double the mineral found in the 
extract of the hardy variety. 

To test another point brought up in the discussion, namely, the ques¬ 
tion of the soluble mineral matter in the samples, the following experiment 
was performed. On November 16, eight 5-gm. samples of the entire tops of 
the plants were prepared from the varieties Minhardi and Trumbull, 
which were growing in field plats where they had been planted at the 
usual rates per acre. Of these samples, duplicates for each variety were 
frozen for two hours at -10° C.; others were heated, in tubes, for 20 
minutes on the steam bath; two more pairs were treated with 5 cc. of ethyl 
ether in closed tubes for an hour; and the last duplicates were thoroughly 
ground with 5 gm. of washed quartz sand. To each sample, in 1x8 
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pyrex tubes, 50 cc. of distilled water were added and exosmosis was per¬ 
mitted to continue at 2° C. The results of this experiment are shown in 
table IV. 

TABLE IV 

Specific conductivity (x 10«) (2° C.) of aqueous extracts of wheat leaves injured 

IN SEVERAL WAYS. EXOSMOSIS CONTINUED 20 HOURS 


Variety 

Treatment 

Frozen 

Steam bath 

Ether 

Ground 

Minhardi 

639 

928 

695 

1120 

Trumbull 

950 

937 

730 

1173 


These results show that while the freezing (or pressure) treatment dis¬ 
tinguishes these two varieties very sharply, the other methods used are in¬ 
effective. The mineral contents of the extracts of heated, ground, or ether- 
treated samples do not differ markedly in the two varieties. 

Several further experiments were performed to test the influence of the 
factors more commonly encountered in field samples. It was found that 
differences in environment, which resulted in changed plant growth, caused 
variations in the values obtained in these tests. Vegetative plants, grown 
in well worked soil, were tenderer than smaller, stocky plants grown in 
firm, compacted soil. Plants shaded half of each day for 8 days were 
tenderer than adjacent plants receiving full sunlight. When individual 
plants of a pure line variety were selected for the tests, considerable varia¬ 
tion in hardiness was found from plant to plant. When ten plants of 
Minhardi (very hardy) and ten of Trumbull (rather tender) w T ere so 
tested, they formed two distinct groups; that is, the hardiest Trumbull 
plant w T as tenderer than the tenderest Minhardi plant. In a similar test 
of Minhardi and Wis. Ped. 2 (both hardy varieties), the groups were by 
no means distinct, although the average was decidedly in favor of Min¬ 
hardi, as it should be. All due precaution should be taken in growing 
plants for these tests, therefore, if the results are to be reliable. 

Summary and conclusions 

I. A method is described by means of which small samples of wheat 
leaves can be tested for hardiness according to the principle outlined by 
Newton. The modification of the original method consists in absorbing 
the expressed juice in ashless filter pads and determining the quantity of 
sap by measurements of electrical conductivity after extraction of the pad 
and the residual tissue with distilled water. Extraction of the pad, alone, 
gives an indication of the relative volume of sap expressed. Extraction of 
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the pressed tissue, itself, appears to measure the degree of crushing injury 
in the press. In each case, extracts of tender varieties have higher elec¬ 
trical conductivities than those from hardier plants. The large varietal 
differences in extraction after pressing are shown to correlate very well 
with the differences in extraction of frozen samples, according to the 
method of Dexter et al . 

2 . It is demonstrated that these differences are not due to correspond¬ 
ingly great differences in “soluble minerals” in the samples. Extraction 
of plants subjected to freezing or pressure served to differentiate the 
varieties on a hardiness basis, while extraction of plants injured by heat, 
ether, or grinding did not. 

3. From these facts, it would seem not improbable that a considerable 
part of freezing injury may be due to the mechanical injury of pressure of 
the ice formed (Maximov 4). 
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THE OPTICAL LEVER AS A TOOL IN PHYSIOLOGICAL 

STUDIES 

H . A . Wadsworth 
(with five figures) 

Recent studies in the responses of the sugar-cane plant to varying per¬ 
centages of soil moisture required the development of a technique for 
measuring elongation with considerable precision. A modified form of the 
optical lever, commonly used in physical laboratories for such measurements 
as the lineal expansion of metals, has been satisfactorily used in this work. 
So far as is known by the writer, such a device has never before been 
reported as a tool in plant physiology. 

In its modified form the device consists of a small circular mirror 
mounted normally to a short brass rod which is bifurcated at the end 
remote from the mirror. This split end is spread to receive the plant 
member to be under observation. Holes drilled through the two parts of 
the split end, in a line parallel to the plane of the mirror, permit the 
pinning of the plant tissue to the end of the lever with a minimum of 
damage. 

The weight of the lever is carried upon a metal rod carrying two pro¬ 
jections provided with carefully machined depressions in which two steel 
pins attached to the mirror support are seated when the device is assembled 
for use. The lever is so counterpoised that its center of gravity is directly 
over the line of the pins in order that the plant tissue may be protected 
from stress when attached to the lever arm. 

In use the metal rod is attached to a clamp stand at a convenient height, 
the mirror pins placed in the depressions, and the plant tissue pinned 
between the split ends of the lever arm. Vertical displacement of the point 
of attachment naturally deflects the mirror through an angle 0, while the 
reflected beam from a fixed source moves through an angle 2 0. 

Observations upon the magnitude of these deflections may readily be 
made with a laboratory telescope provided with a cross hair and a scale 
mounted in the plane of the incident and reflected rays. Evidently the 
apparent magnification of growth depends partially upon the distance of 
the scale from the mirror. A distance of 1 meter has been found satisfac¬ 
tory with the standard laboratory telescope. 

In operation the telescope is clamped horizontally at the height of the 
center of the mirror and focused upon the image of the scale, which is 
clamped to the same support as the telescope. Deflections of the mirror 
after setting cause the reflected beam to move down the image of the scale, 
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while the intersection of the cross hair gives an easily read reference point. 
With a lever arm of 10 cm. and a distance of 1 meter from the mirror to 
the scale, a change of 6 cm. per hour in the sfeale reading has repeatedly 
been noted with sugar cane. This change of 1 mm. per minute is easily 
observed by continuous observation. 

Figure 1 shows the general assembly of two optical levers measuring the 



Fig. 1. Two optical levers attached to critical points on a young sugar-cane plant. 

rates of growth of tw’o critical points in a sugar-cane plant. The system is 
also under gravimetric control in order that some information may be had 
of soil-moisture conditions. A similar installation with a small pineapple 
seedling is shown in figure 2. In this case light stirrups of aluminum wire 
connect the tips of the growing leaves to the lever arms. This system as 
well as that in figure 1 is under gravimetric control. It should be noted 
that in each case the balance is securely held in a solid position by excessive 
weights, except when the occasional weighings are being made. 

Specimen results from these two installations are shown in figures 3 
and 4. In figure 3, representing observations with sugar cane, the upper 
curve shows the vertical displacement of a point on the leaf bundle above 
the growing point, while the lower curve shows the elongation of the cane 
itself as measured by the last visible ligule or 4 * dewlap ,’ 9 as it is called 
locally. This structure presumably is opposite the most active meri- 
stematic tissue. The two curves in figure 4 show the growth history of two 
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Fig. 2. Two optical levers attached to a young pineapple seedling. 



Fig. 3. Growth history with sugar cane as reported by optical levers in figure 1. 



Fig. 4. Growth history of pineapple seedling as reported by optical levers in fig¬ 
ure 2. 
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adjacent leaves in the inner whorl of the pineapple seedling shown in 
figure 2. The consistent regression during the heat of the middle of the 
day is interesting; but whether this phenomenon is due to the high tem¬ 
perature in a poorly ventilated greenhouse, to a peculiarity of the individual 
under observation, or to a general characteristic of the pineapple plant, is 
not known. The further study of this characteristic and its correlation 
with environmental factors making for excess rate of loss of moisture from 
leaf tissue is possible by means of the optical levers. 

The geometry of the lever system is a little more complicated than is at 
first apparent. Figure 5 illustrates a case in which the point under obser¬ 



vation moves from P 1 to P 1 , the mirror MM and M l M 1 swinging through the 
angle 2 0. The line of sight from the telescope at B bisects the angle KOG. 
Two scales are shown. One, CBF, is plane, normal to the line of sight and 
in the plane of the incident and reflected beams. The other, GBK, is in the 
form of the arc of a circle of radius R and in the same plane as just 
described. 

If the straight scale be used and a direct proportion between the vertical 
displacement of P and the resulting difference in scale reading is desired, 
it is evident that the angle 0 must be small in order that 

r sin 0 = KK tan 2 0 (1) 

may express the proportion within the desired degree of precision. 

With the curved scale, 

r sin 0 = KR 2 0 (in radians) (2) 

must express the proportion with the desired precision. 

In both cases if is a proportionality constant. 
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The paper scales normally used for telescopes of this sort are available 
in 50-cm. lengths. At a radius of 1 meter the subtended angles for a 50-cm. 
arc is about 28°. Since this angle is twice that between MM and M 1 M 1 , the 
maximum deflection of the mirror becomes 14° and the maximum value 
for 0 is 7°. 

When this value is substituted for 0 in (1) and (2), the maximum error, 
in the case of a flat scale with a total length of 50 cm. and a gross ratio of 
lever arms of 1:10. is about 2.5 per cent. For the curved scale the corre¬ 
sponding error is about 0.2 per cent. The desirability of the curved scale 
is obvious, particularly with rapidly growing parts. Attaching the mirror 
assembly to the supporting rod by means of a clamp and slow motion screw 
is an obvious improvement which has not as yet been used. This would 
be of greatest value with such precise work that only the smallest values 
of 0 were permissible. 

It is evident, moreover, that the geometry in figure 5 demands that the 
growing point move vertically. This condition may be closely approached 
by establishing the point P at a considerable distance from any rigidly 
supported part of the plant. 

The writer wishes to express his appreciation of the advice and assis¬ 
tance of Dr. Willard H. Eller, of the Department of Physics, University 
of Hawaii, in designing the optical levers described. 

University or Hawaii, 

Honolulu. 




CALLUSING AND ROOTING OF COTTON STEM CUTTINGS 1 

H. E • Be a 

The writer has been interested in the vegetative propagation of cotton 
for several years and has already made some report of his early experi¬ 
ments with cotton cuttings. 2 * 8 In the interest of developing further in¬ 
formation on this subject, additional experiments were conducted during 
1930. Early in the fall a preliminary experiment was completed on a 
special method of callusing cotton stems. Later a study was made of the 
relative adaptability of cotton and horticultural plants to propagation by 
cuttings, in which a large number of these pre-callused cotton cuttings were 
utilized. 

The callusing trials were patterned after an earlier experiment con¬ 
ducted in 1929. In the original trial one lot of 80 cuttings was extremely 
successful. These cuttings were placed, inverted, in glass jars partially filled 
with Houston black clay which contained approximately 28 per cent, mois¬ 
ture. After the jars were closed loosely the i ‘butts ’’ of the cuttings were 
left protruding in the moist atmosphere above the soil surface, for six weeks. 
Under this condition all except one of the 80 cuttings callused profusely 
and, compared w T ith the other variations included in the experiment, these 
cuttings were the most successful. Since the number of cuttings in the 
original test was small, a similar trial was made in 1930 when 1000 cuttings 
were used. In the second trial some of the cuttings began to callus in 10 
days and in 30 days all of them were perfectly callused. 

In previous studies of methods satisfactory for the rooting of cotton 
cuttings the writer has arbitrarily used the recommendations ordinarily 
made for the winter propagation of deciduous horticultural cuttings. To 
test the relative response of cotton cuttings to conditions which are favor¬ 
able in most respects to horticultural cuttings, 1348 cotton and 1843 horti¬ 
cultural cuttings w r ere placed under identical conditions in a greenhouse 
propagating bed. As previous experiments with cotton indicated that a 
relatively high temperature might be more successful, the average temper¬ 
ature maintained for this experiment w T as somewiiat higher than is usual 
for horticultural cuttings. 

The cuttings w r ere placed in rows spaced approximately 2 inches apart 
and running along the short dimension of the bench. The number of cut¬ 
tings per row varied inversely as their diameter, and there w T ere usually from 

1 Contribution from the Division of Agronomy, Texas Agricultural Experiment Sta¬ 
tion, Technical Series no. 221. 

2 Rea, H. E. Asexual reproduction of cotton. Jour. Heredity 19: 357. 1928. 

3 Rea, H. E. Callusing cotton stem cuttings. Plant Physiol. 5: 575-586. 1930. 
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20 to 30 cotton or 30 to 45 horticultural cuttings in each row. The cotton 
cuttings were placed in alternate rows. Soft, medium mature, and mature 
wood was used in making the cotton cuttings. The cuttings were collected 
and prepared identically as described in an earlier paper. 8 The mature cut¬ 
tings were divided into three groups for separate treatment prior to place¬ 
ment. One group was used without any special treatment while another lot 
was dipped in warm paraffin and the third lot was thoroughly callused at 
the time of placing the cuttings in the sand. 

The horticultural cuttings used were Amur privet ( Ligustrum amur- 
ense ), lilac chaste-tree ( Vitex agnus-castus) , Japanese privet ( Ligustrum 
japonieum ), Vanlioutte spirea ( Spiraea vanhauttei ), Chinese arborvitae 
(Thuja orientals) , Fortune Forsythia ( Forsythia, suspensa fortunei ), and 
pomegranate ( Punica granatum). These cuttings were selected from the 
horticultural plants locally available that ordinarily root satisfactorily 
under a variety of conditions. All the deciduous horticultural cuttings were 
made from ripe wood collected just prior to frost and still retaining their 
leaves. The leaves were removed in making the cuttings. Chinese arbor¬ 
vitae was the only evergreen used and these cuttings were made in the usual 
manner. 

Separate lots of both cotton and horticultural cuttings were set in beds 
of quartz and granite sand, with and without a peat substratum. After the 
cuttings were placed, a glass sash covering was provided for most of them. 
Bottom heat was supplied by means of hot water pipes under the benches 
and the general temperature of the greenhouse was controlled by an at¬ 
mospheric thermostat set at 75° F. The temperature recorded during the 
experiment averaged 78° with a normal variation of 10° F. 

The results secured with cotton cuttings as presented in table I show 
that only 8.2 per cent, of the 1348 cuttings used were successfully rooted. 
Over 200 cuttings each of the soft and medium mature cotton cuttings were 
tried without getting a single cutting to strike root. However, the three 
groups of mature wood cuttings rooted in excess of 10 per cent. Cotton 
cuttings made from mature wood immediately before using and without 
any special treatment gave a rooting percentage of 11,3. The pre-callusing 
of the cuttings was of little value as only 10.8 per cent, of that group rooted. 
Dipping the mature cuttings in paraffin did increase the percentage rooted 
to 15.3. 

The results of the three variations in treatment provided for each type 
of cotton cutting failed to indicate any very promising method of rooting 
these cuttings. Heretofore the quartz sand locally available has frequently 
been used in attempts to root cotton. This sand invariably contains small 
quantities of clay and as this is generally regarded as undesirable as a cut- 
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ting medium, a pure granite sand was used 4 * 5 * 6 . However, only 6.5 per 
cent, of the cotton cuttings placed in the granite sand rooted compared with 
10.0 per cent, of those in the quartz sand. Some horticultural propagators 
have used mixtures of peat moss as a medium with unusual success 7,8 * e . In 
the present experiment a substratum of peat moss was used under the sand 
in some sections of the cutting bed. This was tried in comparison with sand 
alone with the result that only 6.6 per cent, of the cotton cuttings with peat¬ 
moss under, them rooted while 10.1 per cent, of those without it rooted. Good 
results have been reported from some horticultural cuttings by covering the 
cutting bed with a glass sash 4 * \ In this experiment a portion of the cut¬ 
tings was under sash. The cotton cuttings under the sash rooted to the 
exent of only 7.3 compared with 10.1 per cent, for those exposed. 

The results secured with horticultural cuttings are also presented in 
table I and show that 31.0 per cent, of the 1843 cuttings used were rooted. 
Although this was low for this class of cuttings it was twice as high as the 
best result secured from any group of cotton cuttings. Also this percentage 
was made in face of the fact that none of the Amur or Japanese privet cut¬ 
tings rooted. 

Amur and Japanese privet are both very hardy plants and usually their 
cuttings root even though conditions are not altogether favorable. In this 
experiment, however, over 100 cuttings of each of these plants were used 
without obtaining a single rooted cutting. An investigation of the situation 
indicated that the Amur and Japanese privet cuttings were killed by ex¬ 
cessive bottom heat. In making these cuttings they were cut an inch or two 
longer than the others and were unintentionally placed deeper. 

All of the other horticultural cuttings rooted more frequently than did 
any group of the cotton cuttings. Lilac chast-e-tree gave the highest pro¬ 
portion of rooted cuttings, as 61.3 per cent, of them were successful. Also 
roots were produced by 51.7, 47.7, 39.7, and 26.1 per cent, of the Forsythia, 
pomegranate, arborvitae and spirea cuttings, respectively. 

Without an exception the horticultural cuttings rooted more frequently 
in the quartz sand than in the granite sand. On the average, 36.0 per cent, 
of these cuttings rooted when placed in quartz compared with 25.5 per cent. 

* Bailey, L. H. The nursery book. 19th ed. Macmillan Co. pp. 44-58. 1914. 

e Hottes, A. C. Practical plant propagation. A. T. De La Mare Co. pp. 61-85. 1917. 

0 Yerkes, Guy E. Propagation of trees and shrubs. U. S. D. A. Farmers * Bull. 
1567. 1929. 

* Esper, H. C. The effect of time of taking, medium, and bottom heat on the rooting 
of evergreen cuttings. Ohio Agr. Exp. Sta. Bimonthly Bull. 154: 9-17. 1932. 

« Hitchcock, A. E. Investigations in propagation. So. Florist & Nurseryman 27: 
no. 13.12, 27. 1929. 

* Reudel, Franklin J. Methods of propagation. So. Florist & Nurseryman 25: 
no. 17. 8-9. 1928. 



REA: CALLUSING AND ROOTING OF COTTON CUTTINGS 


737 


in granite sand. The proportion of horticultural cuttings rooting with and 
without a peat moss substratum were 31.7 and 31.3 per cent, respectively. 
Although there was little difference in the composite results, the use of peat 
moss appeared to have increased the percentage of rooted cuttings for 
spirea and Forsythia. On the other hand, the pomegranate cuttings were 
injured by peat moss while chaste-tree and arborvitae cuttings rooted just 
as readily whether peat moss was used or not. Undoubtedly the horticul¬ 
tural cuttings were favored by the use of the glass sash. Since none of the 
pomegranate or Forsythia cuttings was exposed, their records were elimi¬ 
nated from this comparison. The average results of the other horticultural 
cuttings show that 30.9 and 17.3 per cent, of the covered and exposed cuttings 
rooted, respectively. However, the chaste-tree cuttings rooted satisfactorily 
whether covered or exposed. 

The main results are briefly summarized. 

1. The results obtained with cotton cuttings confirm the results on 
callusing obtained previously. 

2. Under identical conditions, the proportion of cotton cuttings striking 
root in these experiments was markedly lower than for lilac chaste-tree, For¬ 
tune Forsythia, pomegranate, Chinese arborvitae, or Vanhoutte spirea. 

3. The selection of mature wood is important in the winter propagation 
of cotton cuttings. The soft and medium mature cotton cuttings used in 
his experiment were worthless. 

4. The pre-callusing of mature cotton cuttings failed to prove of value 
but dipping the cuttings in paraffin increased the percentage of rooting 
slightly. 

5. The highest percentages of rooting with mature cotton cuttings were 
secured in an exposed greenhouse bed of quartz sand free of any substratum. 

Texas Agricultural Experiment Station, 

SCBSTATION NO. 5, 

Temple, Texas. 
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RESPONSE OF IRIS TO SOIL REACTION 
(with two figures) 

Recommendations in popular literature vary considerably as to the 
optimum soil reaction for the Bearded iris, Iris germanim, ranging from 
‘ * acid 9 9 to ‘ ‘ alkaline. ’ 9 Dykes 1 states that * 1 The Bearded Irises all, without 
exception, want dry conditions and the only hope in damp situations is to 
make raised beds for them. They also need lime in the soil and this is, in 
most cases, best supplied in the form of old mortar rubble. The Apogons 
do not, as a rule, want lime, except possibly the Spurias and some, such 
as the Californians, will not grow in a soil that is highly charged with 
lime.” 

Since soils on which the iris is grown in Ohio vary widely in reaction, 
it seemed desirable to determine the optimum condition or range for them. 
A series of plots on a raised bed in the greenhouse, which had already been 
prepared for studying other species of flowers, was used for the purpose. 2 
These plots were 7x8 feet in size and were filled with Canfield silt loam, 
in June, 1929. The pH value of the soil was 5.0 at the time it w r as moved 
into the greenhouse. A one-inch layer of German peat (pH 3.5) was added 
in an endeavor to improve the humus content. Increments of aluminum 
sulphate or hydrated lime were added to the plots until a range of pH 4.5, 
5.0, 5.5, 6.0, 6.5, 7.0, 7.5, and 8.0 w r as attained for the eight plots respectively. 
Readings of the pH value of each plot were made biweekly, either electro- 
metrically or by means of the La Motte soil tester. 

On September 1, 1930, irises were planted in these plots, using Alcazar 
and another German variety, the name of which was not determined. The 
rhizomes were approximately the same size at the time of planting, but the 
weights were not recorded. Three plants of each variety were set to the 
plot and they received identical care with the exception of occasional addi¬ 
tions of aluminum sulphate or hydrated lime as w r as necessary to maintain 
the desired reaction of the soil. 

For the first four months no appreciable differences were noted in the 
growth or color of the plants. Beginning January 1, 1931, a darker color 
and larger size of foliage were noted in the plants growing on plots 7 and 8 
(pH 7.5 and 8.0 respectively). Plots 1 and 2 by this time showed a some- 
what stunted appearance, with some tip burn. The succeeding plots w r ere 

1 Dykes, W. R. Handbook of garden irises. Hopkinson. 1924. p. 235. 

2 Wiogin, W. W., and Gourley, J. H. Studies on the reaction of greenhouse soils to 
the growth of plants. Ohio Agr. Exp. Sta. Bull. 484. 1931. 
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increasingly better, particularly in the alkaline ones, as noted. Through¬ 
out the following eighteen months there was a gradual widening of the 
growth behavior between plots 1 and 8 until those in the former were prac¬ 
tically worthless. Whether this injury to the plants at pH 4.5 and 5.0 was 
due to the high concentration of hydrogen ions or to toxicity due to soluble 
aluminum was not definitely determined, but probably the latter played an 
important role. 

Figure 1 shows a typical sample of leaf from each plot. There is a 



Fig. 1. A typical leaf from soil reaction plots having a range of pH 4.5 to 8.0. 


fairly consistent gradient in size, color and amount of tip burn from plot 1 
to plot 8. 

Figure 2 shows a typical plant from each plot, photographed June 15, 
1931. 

At the time of removal from the bed, July 22, 1932, the Alcazar plants 
were weighed and the length of typical leaves measured. With one slight 
exception, plot 5, the weight is in an ascending order from plot 1 to 8, 
increasingly higher as acidity decreases; that is, from plot 1 to 8. The 
length of flower stems was measured on June 15, 1931, and, with other 
data, are shown in table I. 
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Fig. 2. Alcazar iris plantB typical of those grown in soil reaction plots from pH 4.5 
to 8.0. 


From this work it appears that the German iris, Alcazar, thrives much 
better when the soil reaction is nearly neutral to alkaline than in acid soils. 
Since these plants were kept rather dry throughout to prevent injury, the 
matter of wet soil is eliminated. The conclusion may be drawn that iris 
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TABLE I 

Some effects of soil reaction on growth of Alcazar iris plants, 
Sept. 1, 1930, to July 22, 1932 


Plot 

Re¬ 

action 

Average 

weight 

OF 3 PLANTS 

Average 

number 

OF SHOOTS 
PER PLANT 

Average 

HEIGHT OF 
FOLIAGE 

Length 
of flower 
STEMS, 
June 15, 
1931 

Condition of 
foliage 


pH* 

gm. 


inches 

inches 


1 

4.49 

276 

4 

9 

3 

Very pale, tip burn 

2 

4.86 

316 

4 

11 

5 

Very pale, tip burn 

3 

5.46 

385 

6 

13 

8 

Pale, tip burn 

4 

6.05 

401 

5 

14 

10 

Pale, tip burn 

5 

6.48 

393 

5 

15 

10 

Green 

6 

6.93 

529 

5 

16 

14 

Dark green 

7 

7.56 

561 

4 

18 

16 

Dark green 

8 

8.05 

677 

5 

20 

22 

Very dark green 


* The last reading before the iris plants were removed, recorded eleetrometrically with 
a quinhydrone electrode, June 21, 1932. 

plants growing on acid soils may be improved if the soil is treated with 
lime until the reaction is nearly neutral or above.—J. H. Gourley, Ohio 
Agricultural Experiment Station , Wooster , Ohio. 


GROWTH OF TREE SEEDLINGS IN RELATION TO LIGHT 
INTENSITY AND CONCENTRATION OF 
NUTRIENT SOLUTION 1 

(with one figure) 

The importance of available mineral nutrients in the shade tolerance 
of trees has been emphasized by Lundegardh , 2 who points out that the 
presence of abundant mineral nutrients in the soil favors chlorophyll and 
foliage formation and thus increases the assimilative capacity of plants 
under shade conditions. Sufficient experimental data relative to the effects 
of mineral nutrients on plants grown at low light intensities are lacking, 
however. The following experiments were carried out to determine the 
effects of concentration of mineral nutrients on tree seedlings grown at 
or near the minimum light intensity required for growth. 

1 The author wishes to express his appreciation to Dr. R. B. Harvey of the University 
of Minnesota for his encouragement and suggestions during the course of the experimental 
work and for the material assistance and facilities offered by the Division of Plant Pathol¬ 
ogy and Botany of the Minnesota Agricultural Experiment Station. 

2 Lundegardh, H. Klima und Boden in ihrer. Wirkung auf das Pflanzenleben. 
Jena. 1925. 
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Seedlings of Fraxinus pennsylvanica were germinated in quartz sand 
and then transferred to nutrient solutions of the same composition but 
varying total concentrations. The solution used was a three-salt solution, 
consisting of KH 2 P0 4 , Ca(N0 3 ) 2 , and MgS0 4 , corresponding in molecular 
proportions to solution R4S1 of the National Research Council Bulletin on 
“A plan for cooperative research on the salt requirements of representa¬ 
tive agricultural plants.” 8 Iron was added in the form of ferric phosphate 
in the concentration of approximately 3 parts per million. Three concen¬ 
trations of solution were used corresponding to 1.0, 0.1, and 0.01 atmos¬ 
pheres, and the solutions were renewed at four-day intervals during the 
growing period. 

The seedlings were grown in four light intensities, obtained by use of 
electric lights and corresponding to 130, 70, 48, and 31 foot-candles as 
measured with the Macbeth illuminometer. Previous experimentation had 
indicated that the minimum light intensity for growth was approximately 
50 foot-candles when using continuous illumination. Temperature was 
kept at 70° P. with a maximum variation of about 2 degrees. Relative 
humidity was maintained at approximately 80 per cent. 

At the end of a ten-week growing period the seedlings were removed 
from the jars and compared as to gain in dry weight, length of roots and 

TABLE I 

Comparison of the growth ani> development of Fraxinus seedlings in three light 

INTENSITIES AND THREE CONCENTRATIONS OF NUTRIENT SOLUTION 


Light 

INTENSITY 

Solution 

CONCEN¬ 

TRATION 

Gain in 
dry 

WEIGHT* 

Length t 

Water transpired per 
GM. dry weight 
GAINED 

Tops 

Roots 

foot candles 

atm. 

gm. 

mm. 

mm. 

gm. 

130 

1.00 

3.20 

65 

218 

370.4 

130 

0.10 

3.27 

72 

150 

439.4 

130 

0.01 

2.43 

61 

131 

374.5 

70 

3.00 ; 

1.70 

39 

175 


70 

0.10 

3.74 

51 

119 

498.1 

70 

0.01 

i 

1.50 

i 

49 

117 


48 

1.00 

0.84 

53 

120 

583.9 

48 

0.10 

0.86 

58 

107 

971.6 

48 

0.01 

0.77 

51 

100 

843.2 


* Average of 24 individuals, 
t Average of 39 individuals. 

a Livingston, B. E., Crocker, Wm., and Kellerman, K. F. A plan for cooperative 
research on the salt requirements of representative agricultural plants. Baltimore. 1919. 
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stems, general vigor, and the amount of water lost in transpiration. The 
results are summarized in table I and figure 1 and refer to the seedlings 
grown in the three higher light intensities since the plants growrn in the 
lowest light intensity did not survive more than one or two weeks in any 
of the nutrient solutions. 



Fig. 1. Photograph showing effect of concentration of nutrient solution on type of 
root growth. 

The data obtained, relative to the effect of concentration of nutrients 
on light requirements of the tree seedlings used, indicate that while a 
sufficient supply of nutrients must be present to satisfy the needs of the 
plant, the minimum light requirement cannot be lowered by increasing the 
amount of available nutrients. The length of the period of survival for the 
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seedlings grown under a sub-minimum light intensity was the same in all 
cases regardless of the solution concentration. 

The greatest response to an increase in concentration of the nutrient 
solution occurred at the higher light intensities, indicating a greater need 
for nutrients under those conditions. Thus increasing the concentration 
of solution from 0.01 to 0.1 atm. for a light intensity of 48 foot-candles re¬ 
sulted in an increase in dry weight of 11.7 per cent. For seedlings grow¬ 
ing under light intensities of 70 and 130 foot-candles there resulted in¬ 
creases of 16.0 per cent, and 34.5 per cent, respectively. 

The marked increase in total length of roots developed in a solution of 
1.0 atm. concentration over those grown in a solution of 0.1 atm. was more 
than offset by a greater abundance of lateral brandling at the lower con¬ 
centration. The effect of concentration on type of root growth is illus¬ 
trated in figure 1. 

The water requirement, expressed in terms of grams of water transpired 
per gram of dry material gained, might seem to indicate a greater need for 
water at the lower light intensities. This, however, was due to a reduction 
in the rate of assimilation of material rather than to a high intake of 
moisture. —George P. Steinbaue^i, Minnesota Agricultural Experiment 
Station, St. Paul, Minnesota. 

V / 

- METHODS OF MEASURING STRAWBERRY LEAF AREAS 

In Miller's 1 recent text on plant physiology, five methods of mea¬ 
suring the leaf surface of plants are given. In the writer’s work with 
strawberries during the past year, however, three other methods were used, 
none of which was mentioned in this text. As these methods were adopted 
as more useful under the conditions encountered for field and greenhouse 
work than those given by Miller, it seems worth while to call attention to 
them. The first and second are not new but apparently are not as w^ell 
known as they should be. The third is apparently little known. They are 
(1) the leaf-product, (2) the matching, and (3) the adjustable platform- 
planimeter methods. 

Leaf-product method. —This method, used by Livingston and asso¬ 
ciates, 2 is based on the correlation between extent of leaf surface and 
lineal measurements of the leaves. It provides an index of the actual area 
of varying degrees of accuracy. The writer 8 has used the following 

i Miller, E. C. Plant Physiology. McGraw-Hill Co. 1931. 

* McLean, F. T. A preliminary study of climatic conditions in Maryland, as related 
to plapt growth. Physiol. Res. 2: 129-208. 1917. 

t^I) arrow, Geo. M. Experimental studies in the growth and development of straw¬ 
berry plants. Jour. Agr. Res. 41: 307-325. 1930. 
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indices in actual practice according to the degree of accuracy required: 
length of middle leaflet; lengthxbreadth (leaf product) of middle leaflet; 
and length x breadth of all three leaflets of the strawberry leaf. These 
indices were accurate to within 5 per cent., the single measurement of 
length being least accurate; the leaf-product (length x breadth) of the 
middle leaflet more accurate; and the sum of the leaf-products of all three 
leaflets the most accurate index of actual area. The accuracy of this index 
is obviously dependent on (1) the number of measurements used to obtain 
a factor to translate leaf length or lengthxbreadth into area; (2) whether 
the measurements obtained are for one or for several varieties; and (3) the 
uniformity of the conditions under which the plant material is grown. 
Under this method may be listed that of Carutiiers, 4 in which breadth 
was used as an index of leaf area of Ribes much within an accuracy of 
5 per cent. 

Matching method.— This method has been used by several investigators, 
but was described to the writer by C. F. Kinman, of the Division of Horti¬ 
cultural Crops and Diseases, who used it to obtain the area of great num¬ 
bers of leaves of pears and other fruits. For this a pasteboard form equal 
to the largest leaf encountered is cut out, its area measured with the pla- 
nimeter and the size written on the form. On this form are drawn outlines 
of successively smaller leaves, each of which is measured and the area 
recorded on the form corresponding to each. Leaves on trees or in the 
laboratory are matched rapidly and with an accuracy (table I) approach¬ 
ing or equal to that when a planimeter is used. The more uniformly 
shaped leaves are measured with the greatest accuracy and rapidity (sev¬ 
eral hundreds per hour) by this method. Even actual areas of leaves of 
many plants can be obtained almost as quickly as length alone can be mea¬ 
sured. The matching of strawberry leaves, however, is difficult as com¬ 
pared with matching of leaves of some other plants; yet it has been possible 
to follow the increase and decrease in leaf area of hundreds of experimental 
plants in the field and greenhouse with great accuracy and with relative 
ease. The use of several pasteboard forms of different sizes fastened to 
heavy cardboard strips (8 small, 6 medium, and 4 large in our work) was 
found to be more than 20 per cent, faster than a single form with concentric 
outlines of smaller leaves on it. If very accurate data are wanted, forms 
for each variety must be used; otherwise a set of forms for all varieties 
can be used. 

Adjustable platform-planimeter method. —This method was sug¬ 
gested by W. M. Atwood, of the Oregon State College. To one edge of an 
adjustable stand used for camera lucida drawings a piece of automobile 

^Caruthers, B. S. A scale for measuring areas of Bibes leaves. Phytopath. 19: 
399-405. 1929. 
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celopliane is so fastened by means of thumb tacks that a leaf can be inserted 
under the celophane but on the stand. The stand, quickly adjustable to 
any angle in any direction, is used to hold the leaf and the planimeter for 
measurements of actual areas. Leaves on shrubs and herbs within easy 
reach of the ground can quickly be measured. Such a stand was found 
especially useful when measuring leaves of experimental strawberry plants 
in the greenhouse. 

Relative speed and accuracy. —The relative speed and accuracy of 
the three methods and of variations of each were calculated for one variety, 
0. S. C. 192 (Marshall x Fragaria chiloensis). In a first test of speed and 
accuracy, 10 leaves were used to obtain correction factors and these applied 
to measurements of 18 leaves (54 leaflets). In the second test 50 leaves 
were used to obtain correction factors and these applied to measurements 
of 50 other leaves. Results of both tests are given in table I. 

TABLE I 

Comparison of speed and accuracy of methods for obtaining 

LEAF AREAS OF STRAWBERRIES 



Planimeter 

Matching 

Length 

Length x Breadth 

No. leaves per hour 





First test 

48 

156 

136 

114 

Second test . .. 

21 

172 

1 

172 

108 

Percentage of speed 


i 



First test . 

31 

ioo ! 

87 

73 

Second test .. .... 

21 

100 

100 

63 

Percentage of error 

; 

i 



First test 

0.0 

3.2 

4.3 

4.7 

Second test 

0.0 

1 1.8 

4.3 

0.2 


As to speed, the results were surprising even to those using the methods. 
The matching method was, on the whole, faster than that of measuring 
length only, and was considerably more accurate. When 50 leaves were 
measured as in the second test, the accuracy of the length x breadth method 
was 0.2 per cent, and of the matching method 1.8 per cent. It is probable 
that under ordinary conditions either the matching or length x breadth 
methods are as accurate as using the planimeter itself. It should be re¬ 
membered thVt in these tests the use of 50 strawberry leaves meant measur¬ 
ing 150 leaflets on the plants, and that with plants having simple leaves 
the number measured per hour should be at least three times as great as 
with the strawberry.— George M. Darrow, U. 8. Department of Agricul¬ 
ture, Washington, D. C. 
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Atlantic City Meeting. —The ninth annual meeting of the American 
Society of Plant Physiologists will be held at Atlantic City, New Jersey, 
during convocation week, December 27-31, 1932. The headquarters for 
the botanical societies is the Traymore Hotel. Announcements regard¬ 
ing railway fares, hotel rates, etc., will be published in Science. Close to 
the great eastern centers of population, Atlantic City offers opportunity 
for a large gathering. The meeting will be notable for the Sachs centennial 
celebration, and for the third award of the Stephen Hales prize. Mem¬ 
bers of the Society are urged to include the annual dinner in their plans, 
as the life membership award and the Stephen Hales award are both 
usually announced at the annual dinner. In the past the banquet has been 
one of the most pleasant features of the entire meeting. 

Summer Meeting. —The recent summer meeting at the University of 
Wisconsin, which was held jointly with the corn belt section of the Amer¬ 
ican Society of Agronomy, July 11-13, 1932, was greatly enjoyed by those 
who were able to attend the various sessions and share in the profitable 
laboratory and field demonstrations. The attendance of plant physiologists 
was estimated roughly at about 40, and the total attendance at about 180. Of 
special interest to the physiologists was the exhibition of portraits of 
plant physiologists which have been collected during recent years by Dr. 
R. B. Harvey of Minnesota. In connection with the exhibition Harvey 
gave an illustrated lecture on his experiences among the Russian people 
several years ago. Much appreciated, also, was the interesting discussion 
of the “Relations between plant composition and growth responses” by Dr. 
H. R. Kraybill of Purdue University. 

The laboratory demonstrations of experimental work on hardiness, 
photosynthesis, nitrogen fixation, soil fertility testing, corn seed drying, 
etc., were very attractive. The field trips were used to demonstrate such 
matters as disease control measures, hybridization and selection of various 
crops, and cutting practices with reference to the permanence of alfalfa 
stands. 

The boat trip on Lake Mendota was a delightful experience for those 
who were able to take it. The meetings were decidedly effective, and every¬ 
one enjoyed the splendid fellowship and cordiality of the occasion. 

Syracuse Meeting, A. A. A. S. —The Syracuse meeting of the A. A. A. S. 
and affiliated societies was small, but made up in genuine enjoyment what 
it lacked in numbers. Indeed, mere size has become a detriment to good 

749 



750 


PLANT PHYSIOLOGY 


meetings. Few papers were read, a decided improvement over the winter 
arrangements. The main botanical addresses were by Dr. R. H. Trtje 
and Dr. W. L. Bray, and there was a symposium on cell wall chemistry. 
The main entertainment was in the form of field trips, and these were 
planned and handled in excellent fashion. No one who went on the de¬ 
lightful excursion to the plunge-basin lakes of the Jamesville region, and 
to the home of Scolopendrium vulgare, will ever forget it; nor the all-day 
trip to the marl and peat bogs of West Junius; nor the afternoon at the 
salt flats near Lake Onondaga. If ever in doubt as to the most appropriate 
thing for a summer meeting, plan an interesting field trip. Nature yields 
a symposium suited to all tastes, and she never talks too long! 

Julius von Sachs. —The hundredth anniversary of the birth of Julius 
von Sachs is at hand. Born October 2, 1832, we are happy to honor his 
memory in 1932. During the year Plant Physiology has carried por¬ 
traits of the peerless organizer of this field of Botany, and photographs of 
his famous laboratory at Wurzburg. It is with great pleasure that we 
present with this issue an unpublished photograph of Sachs at the age of 
about 40 years (1872), with several of his students. Seated at the right of 
Sachs is Hugo de Vries. Standing behind him is Josef Schuch, and at 
the right, standing, is J. Baranetzky. It is an exceedingly interesting 
group, and emphasizes the inspirational leadership of Sachs during that 
period of botanical development. Botanists, and particularly plant physi¬ 
ologists, are greatly indebted to Sachs, whose ability as an investigator and 
teacher places him in the front rank of the late 19th century scientific lead¬ 
ers. May the plant physiologists of this country follow worthily but hum¬ 
bly in his footsteps, to build an appropriate superstructure upon the im¬ 
mortal foundations which he laid for us. 

Incorporation. —Without the slightest disturbance to indicate the 
transpiring of important events, the old American Society of Plant 
Physiologists went out of existence, and a new society was born. The in¬ 
corporators of the American Society of Plant Physiologists met at 4:20 
p. m. on July 5, 1932, in room 342, West Wing of the IT. S. Department of 
Agriculture Building, Washington, D. C. Those who met were Dr. P. F. 
Cullinan, Dr. Annie M. Hurd-Karrer, Dr. Charles F. Swingle, Dr. B. C. 
Brunstetter, and Dr. John W. Roberts. Dr. Cullinan was elected 
temporary chairman, and Dr. Roberts, temporary secretary. 

“It was moved, seconded, and pj^sed by unanimous vote, that all the 
present existing members of the unincorporated society be elected members 
of the incorporated society, with their present rights and privileges. ’* 
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“It was moved, seconded, and passed by unanimous vote, that the 
meeting adjourn till the next regular meeting of the American Society 
of Plant Physiologists.” (Signed) John W. Roberts, temporary secretary. 

With these simple rites the Society begins its corporate existence. The 
way is open now for larger opportunities and larger responsibilities. A 
solid foundation has been laid, upon which the future development can 
securely rest. 

Treasurer’s Report.—During the last fiscal year the financial strength 
of the Society was put to its severest test so far. It became necessary, be¬ 
cause of the earlier issuance of the quarterly numbers, to pay for five issues 
in a single fiscal year. The additional cost was about $1000. In spite of 
this extraordinary expense, the assets of the Society on July 1 were as 
great as they were a year ago, which means that even in a year of severe 
depression we have been able to meet this strain without resorting to any 
financial expedients. This fact should be a source of great satisfaction to 
all officers and friends of the Society. In addition to this cheering situa¬ 
tion, the Barnes Life Membership fund has reached a total of $2105, within 
$400 of the amount required to finance this fund permanently. The 
Stephen Hales prize endowment is $1100, and there is $164 in the general 
endowment fund. There are, besides these funds, reserves and moneys on 
deposit that bring the total assets in cash and bonds to over $8000. At 
the same time, unsold volumes of Plant Physiology are held to a value of 
over $2000. This report shows marvelous progress for a struggling young 
Society that started publication in 1926 with nothing but faith in the 
worthwhileness of the tasks which were being undertaken. With the extra¬ 
ordinary strain of the finances of 1931-32 behind us, and with watchful 
care of the expenditures for publication, it is hoped that the next treasurer’s 
report may indicate a resumption of financial growth. 

Plant Physiology.—During the last year Plant Physiology has just 
about held its own in number of subscribers and memberships in the 
Society. Under ordinary circumstances there would have been a hand¬ 
some gain in support. But the losses of membership were much larger 
than normal, so that the secretary’s fine work merely succeeded in holding 
our ground. In order that we may continue publication at the present rate, 
we are appealing to our members to maintain support of the journal dur¬ 
ing the depression. If each member will do what he can to find new support 
among those who would find membership in the Society valuable, enough 
will be found to offset those whose financial condition forces them to drop 
membership temporarily. Extension of the library support wherever pos- 
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sible would also be very helpful. As several years of back volumes are 
available, new subscribers should be encouraged to purchase all of the 
back numbers which are now obtainable. Such sales increase the perma¬ 
nent cash assets, and iby interest income from these, provide enlarged 
funds for the Society’s work. 

Stephen Hales Prize Committee. —In accordance with the provisions of 
the by-laws governing the Stephen Hales prize award, the committee in 
charge of the award consists of Dr. A. L. Bakke, Towa State College, chair¬ 
man; Dr. D. R. Hoagland, University of California; and Dr. W. W. 
Garner, U. S. Department of Agriculture. 

Life Membership Committee.—President D. R. Hoagland has ap¬ 
pointed on the Charles Reid Barnes Life Membership Committee the 
following members: Dr. W. F. Loehwing, University of Iowa, chairman; 
Dr. C. Deuber, Yale University; Dr. R. P. Hibbard, Michigan State Col¬ 
lege; Dr. E. S. Johnston, Smithsonian Institution; and Dr. R. E. Girton, 
Purdue University. 

Errata.—Attention is called again to the errata list at the close of the 
table of contents. Insertion of these corrections in the text of your volume 
is recommended. The assistance of authors in compiling the list is acknowl¬ 
edged with thanks. 

Environmental Factors in Relation to Plant Disease and Injury.—A 

very valuable bibliography of this field has been prepared by Dr. J. D. 
Wilson, and published as Technical Series Bulletin no. 9, of the Ohio Agri¬ 
cultural Experiment Station. The price is $1.00 per copy. It contains 
well toward 400 references, and is indexed in such a manner as to be ex¬ 
ceptionally usable. There is an Environmental Factor index, following 
which these factors are listed in alphabetic order, with the citations (serial 
numbers) which consider them. The main bibliography itself is alpha¬ 
betically arranged by authors. A host-disease-injury index, and a host 
index with scientific names in alphabetic order closes the work. The bulle¬ 
tin carries over 200 pages of indexed material. For sheer helpfulness it 
would be hard to imagine anything more useful in a bibliography. Every¬ 
one interested in environmental factors in health and disease of plants will 
find the bulletin indispensable to thoroughgoing work in this field. The 
author and the station may justly take pride in this unique contribution to 
the facilities for research in a very complicated field of plant physiology 
and pathology. 
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Leaf Roll Disease. —One of the Monographien zum Pflanzenschutz, no. 
8, deals with the leaf roll disease of the potato. It is by Dr. F. Esmarch, 
and is published by Julius Springer, Linkstrasse 23-24, Berlin W9. The 
monograph approaches the problem from the historical and geographic 
distribution standpoint, and the growing significance of the disease in 
agriculture. It takes up the histology and physiology of the disease, espe¬ 
cially the effects upon carbohydrate and protein metabolism, respiration and 
transpiration. The methods of transfer are discussed, the influence of en¬ 
vironmental factors upon it, the internal factors, and the etiology of the 
disease. The price in brochure binding is 9.9 RM. Orders may be sent 
directly to the publishers. 

Anthokinetics. —An attractive and interesting bulletin on the physiology 
and ecology of floral movements has been published recently by the Car¬ 
negie Institution, of Washington, D. C., as Bulletin no. 420. The authors 
are Dr. G. W. Goldsmith and Dr. A. L. Hafenrichter. 

The first chapter presents a resume of the previous work on floral 
kinetics, the present state of knowledge concerning the mechanism of 
movements of floral organs, and the methods used in the observational and 
experimental work. To provide controllable conditions of temperature, 
humidity, and light, a chamber called an ecostat was developed. This con¬ 
trol chamber is described in detail. The observations of flower movements 
were made under accurately controlled conditions. The species studied 
fall into four habit groups: heterantlious, ephemeral-heteranthous, nyctan- 
thous, and ephemeral-nyctanthous. 

Following the introduction there are eight sections dealing with par¬ 
ticular species, which include Tulipa gesneriana, Taraxacum officinale, 
Aster higelovi , Tragopogon porrifolius , Eschscholtzio calif ornica, Gentiana 
amarella , A lentzelia nuda, and Oenothera caespitosa, with many others of 
similar habit. 

The final chapter discusses the field behavior, the behavior under con¬ 
trolled conditions, temperature relations, light relations, humidity effects, 
and the mechanism of floral movements as exhibited by bracts, sepals, and 
petals. The work is profusely illustrated, with 34 text figures and 29 plates, 
27 of which are of beautiful photographs arranged to show the cycle of 
floral movements of as many different species during their blooming period. 
These alone make the bulletin very attractive. Copies may be obtained 
from the Carnegie Institution of Washington, D. C., at $3.00 per copy in 
paper binding, and at $4.00 in cloth. 
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